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FOREWORD 

This r e p o r t  i s  submi t ted  i n  accordance w i t h  t h e  s t a t e m e n t  of 
work f o r  Con t rac t  NAS1-10793. 

The r e p o r t  i s  t h e  r e s u l t  of  a t e a m  e f f o r t  i n  c l o s e  coopera- 
t i o n  w i t h  t h e  NASA Techn ica l  Monitor,  M r .  Claud P i t tman .  The 
Mar t in  Marietta Corpora t ion  e f f o r t  w a s  managed by M r .  Danie l  V .  
S a l l i s  and d i r e c t e d  by M r .  Hue1 H. Chandler.  
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INVESTIGATION OF LOW-COST ABLATIVE HEAT SHIELD 

FABRICATION FOR SPACE SHUTTLES 

By Hue1 H. Chandler 
Mar t in  Marietta Corpora t ion  

S W R Y  

The purpose of t h i s  s tudy  was t o  pursue  improvements i n  t h e  
p r o c e s s e s  and des ign  t o  reduce  t h e  manufacturing c o s t s  f o r  low 
d e n s i t y  a b l a t i v e  pane l s  f o r  t h e  Space S h u t t l e .  The a r e a s  t h a t  
were s t u d i e d  inc luded  methods of l oad ing  honeycomb c o r e ,  a l te r -  
n a t i v e  re inforcement  concep t s ,  and the u s e  of r e u s a b l e  subpane l s .  

I n  o r d e r  t o  de te rmine  what s i m p l i f i e d  p rocesses  and des igns  
shou ld  be i n v e s t i g a t e d ,  w e  made a review of p rev ious  s t u d i e s  on 
t h e  f a b r i c a t i o n  of low-cost a b l a t i v e  pane l s  and on p e r m i s s i b l e  
d e f e c t s  t h a t  do n o t  a f f e c t  thermal  performance. From t h i s  p rev i -  
ous work, we noted  t h a t  t h e r e  were cons ide rab le  d i f f e r e n c e s  i n  t h e  
quoted  p r i c e s  f o r  a b l a t i v e  p a n e l s  even though t h e  v a r i o u s  con t r ac -  
t o r s  had r e p o r t e d  s i m i l a r  f a b r i c a t i o n  times. Th i s  r e p o r t  d e s c r i b e s  
how t h e s e  c o s t  d i f f e r e n c e s  ar ise  f rom d i f f e r e n t  e s t i m a t i n g  cri te- 
r i a ,  and shows which estimating assumptions and o t h e r  c o s t s  must 
b e  i n c l u d e d  i n  o r d e r  t o  a r r i v e  a t  a real is t ic  p r i c e .  

Our f i r s t  area of i n v e s t i g a t i o n ,  concerned t h e  parameters  t h a t  
a f f e c t  l oad ing  t h e  a b l a t i v e  m a t e r i a l  i n t o  t h e  c o r e .  Our r e s u l t s  
i n d i c a t e  t h a t  t h e  p h e n o l i c  microspheres,  which were used t o  reduce  
p a n e l  d e n s i t y ,  a c t u a l l y  made c o r e  loading more d i f f i c u l t .  Under 
normal load ing  p r e s s u r e ,  they appa ren t ly  deformed and i n t e r l o c k e d ,  
and t h i s  caused t h e  material  t o  resist f low,  t r a n s f e r r i n g  t h e  
foadizg ~ r e s s w e  down t h e  c o r e  walls, r a t h e r  t han  e x e r t i n g  a com- 
p a c t i n g  f o r c e  a t  t h e  bottom of t h e  c e l l s .  The r e s u i t  w a s  iiiipropsr 
packing  of t h e  a b l a t i v e  material  a t  t h e  bottom of t h e  c o r e  and a 
d e n s i t y  g r a d i e n t  through t h e  th i ckness  of t h e  p a n e l .  

Composition changes g e n e r a l l y  reduced t h i s  e f f e c t  and f a c i l i -  
t a t e d  c o r e  l o a d i n g ,  b u t  changes i n  t h e  load ing  method produced 
mixed r e s u l t s .  V i b r a t i n g  t h e  a b l a t o r  d i d  n o t  h e l p  move i t  i n t o  
t h e  c o r e ,  but a sharp  impact f o r c e  d i d ;  and c e n t r i f u g a l  l oad ing  
produced a uniform material ,  b u t  the f o r c e s  judged pract ical  f o r  
mass-product ion l o t s  were appa ren t ly  too  low t o  compact t h e  mate- 
r i a l .  



Our s tudy c o n c l u s i v e l y  showed t h a t  t h e  u s e  of conven t iona l  
honeycomb c o r e  t o  p rov ide  re inforcement  is t h e  l a r g e s t  c o n t r o l l i n g  
f a c t o r  i n  e s t a b l i s h i n g  t h e  c o s t  of a n  a b l a t i v e  p a n e l ,  and t h a t  t h e  
c o s t  can be  s u b s t a n t i a l l y  reduced by us ing  f i b e r s ,  r i bbons ,  a com- 
b i n a t i o n  of t h e  two, o r  a l a r g e r - c e l l e d  c o r e .  The s e l e c t e d  method 
was t o  r e i n f o r c e  t h e  a b l a t i v e  p a n e l s  w i t h  f i b e r g l a s s  r ibbons ,  
which perform t h e  same f u n c t i o n  as t h e  honeycomb and reduce  p a n e l  
f a b r i c a t i o n  c o s t s .  P h e n o l i c  impregnated r ibbon  provided  t h e  b e s t  
o v e r a l l  performance . 

We a l s o  found t h a t  a h igh  c o n c e n t r a t i o n  of f i b e r s  had a l a r g e  
b e n e f i c i a l  e f f e c t  i n  s t a b i l i z i n g  t h e  c h a r ,  as w e l l  as i n  p rov id ing  
re inforcement .  Our recommended p a n e l  c o n s t r u c t i o n s  i n c o r p o r a t e s  
bo th  f i b e r s  and r ibbons  f o r  r e in fo rcemen t .  

The a l lowab le  s t r a i n  c a p a b i l i t y  of t h e  a b l a t o r  has  a d i r e c t  
e f f e c t  on the  c o s t  and weight  of r e u s a b l e  subpane l  s i n c e  t h e  
subpane l  des ign  w a s  p r i m a r i l y  d i c t a t e d  by t h e  d e f l e c t i o n .  However, 
t o  reduce  the weight of t h e  subpane l ,  a hogh-elastic-modulus f a c e  
s h e e t  must b e  used. The r e u s a b l e  subpane l  des igned  under t h i s  
s tudy  inco rpora t ed  g r a p h i t e  polyimide f a c e  s h e e t s ,  t i t a n i u m  edge 
members, and quick-d isconnec t  f a s t e n e r s  w i t h o u t  a b l a t o r  p l u g s ,  
and had a weight of 2.5 kg/m2 (0.52 l b / f t 2 ) .  

Table  1 summarizes t h e  p a n e l  c o s t  p e r  u n i t  area f o r  t h e  f i v e  
p a n e l  designs i n v e s t i g a t e d  du r ing  t h i s  s t u d y ,  and f i g u r e  1 shows 
our  recommended r ibbon-re inforcement  c o n f i g u r a t i o n .  
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Figure 1.- Recommended Panel Construction, Ribbons 
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INTRODUCTION 

Ab la t ive  Leaf S h i e l d s  are a n  a t t r ac t ive  thermal  p r o t e c t i o n  
system f o r  t h e  Space S h u t t l e  because  of t h e i r  h igh  r e l i a b i l i t y  
and low development c o s t .  
system they have t h e  d i sadvan tage  of h i g h  r e c u r r i n g  c o s t s .  
of t h e  primary f a c t o r s  c o n t r i b u t i n g  t o  t h i s  c o s t  is t h e  f a b r i c a -  
t i o n  of the h e a t  s h i e l d  p a n e l s  which is addressed  i n  t h i s  s t u d y .  

However, s i n c e  they are  n o t  a r e u s a b l e  
One 

Under NASA Con t rac t  NAS1-9946, Low-Cost A b l a t i v e  Heat S h i e l d s  
f o r  Space S h u t t l e s ,  c o s t s  and methodologies were developed f o r  t h e  
p r e s e n t  s t a t e  of t h e  a r t .  The f a b r i c a t i o n  methods developed under 
that  c o n t r a c t  produced c o n s i d e r a b l e  c o a t  s a v i n g s  over t h e  methods 
used f o r  p rev ious  v e h i c l e s  l i k e  Apollo and PRIME, i n  which each  
i n d i v i d u a l  c e l l  was h a n d - f i l l e d  w i t h  a b l a t o r .  

Th i s  s tudy showed t h a t  h i g h  manufac tur ing  c o s t s  p r i m a r i l y  re- 
s u l t  from t h e  u s e  of honeycomb c o r e  i n  t h e  a b l a t i v e  l a y e r .  The 
purpose  of t h i s  honeycomb is  f i v e f o l d :  i t  s t r e n g t h e n s  t h e  a b l a -  
t i v e  panel ,  produces a s t r o n g e r  a t tachment  t o  t h e  s t r u c t u r e ,  
b r i d g e s  the p y r o l y s i s  zone, r e i n f o r c e s  t h e  cha r  l a y e r ,  and pre-  
V e n t s  cracks from p ropaga t ing  i n  t h e  c h a r .  But t h e s e  same d e s i g n  
o b j e c t i v e s  can b e  achieved  by us ing  o t h e r  t ypes  of r e in fo rcemen t  
t h a t  w i l l  a l s o  l e a d  t o  lower f a b r i c a t i o n  and material  c o s t s .  

I n  a d d i t i o n  w e  b e l i e v e  t h a t  pane l  f a b r i c a + = o n  c o s t s  can b e  
reduced i n  o t h e r  ways--by f i n d i n g  b e t t e r  ways tJ l oad  t h e  a b l a t i v e  
material  i n t o  t h e  c o r e ,  and by us ing  a r e u s a b l e  subpane l .  Th i s  
l a t t e r  method reduces  t h e  weight  of t h e  h e a t  s h i e l d ;  and by de- 
s i g n i n g  the subpane l  t o  be  r e u s a b l e ,  c o s t  s a v i n g s  shou ld  r e s u l t .  

Under the  p r e s e n t  c o n t r a c t ,  t h e s e  s t u d i e s  were conducted t o  
de te rmine  i f  a d d i t i o n a l  s a v i n g s  could  b e  r e a l i z e d  from s i m p l i f y i n g  
t h e  f a b r i c a t i o n  method and c t ang ing  t h e  p a n e l  d e s i g n  concept  i t- 
s e l f .  The p rev ious  run and s e t u p  t i m e s  r eco rded  f o r  each f a b r i c a -  
t i o n  o p e r a t i o n  were ana lyzed  t o  i d e n t i f y  h igh -cos t  o p e r a t i o n s .  
I n  a d d i t i o n ,  t h e  des ign  concept  i t s e l f  w a s  reviewed t o  de t e rmine  
what l i m i t a t i o n s  and r e s t r i c t i o n s  i t  imposed on f a b r i c a t i o n .  

The r e p o r t  d e s c r i b e s  t h e  work done i n  i n v e s t i g a t i n g  t h e s e  
a r e a s .  
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COST ANALYSIS 

During 1970, f i v e  c o n t r a c t o r s  were awarded s e p a r a t e  c o n t r a c t s  
t o  estimate t h e  c o s t  of producing Space S h u t t l e  a b l a t i v e  pane l s .  
A l l  of t h e  c o n t r a c t o r s  succeeded i n  making a b l a t i v e  p a n e l s  t h a t  
were less expens ive  t h a n  those f o r  p r e v i o u s  systems such  as Apollo 
and PRIME. This  w a s  a t t r i b u t e d  l a r g e l y  t o  new methods t h a t  made 
i t  p o s s i b l e  t o  f i l l  a l l  t h e  honeycomb ce l l s  s imul t aneous ly ,  r a t h e r  
t han  f i l l i n g  each c e l l  i n d i v i d u a l l y .  I n  t h i s  s tudy ,  w e  examined 
t h e  p r o c e s s e s  used by t h e  v a r i o u s  c o n t r a c t o r s  i n  o r d e r  t o  i d e n t i f y  
t h e  h i g h l y  time-consuming s t e p s  as w e l l  as t h o s e  t h a t  saved  t i m e .  
We knew t h a t  t h e  o p e r a t i o n s  a s s o c i a t e d  w i t h  t h e  honeycomb r e i n -  
forcement were c o s t l y  and, t h a t  i f  t h e  c o r e  could  b e  removed, 
o v e r a l l  f a b r i c a t i o n  c o s t s  could  be g r e a t l y  reduced. However, w e  
b e l i e v e d  t h a t  o t h e r  approaches m i g h t  a l s o  save t i m e  and if they 
could  b e  i d e n t i f i e d .  

To p u t  a l l  c o s t s  on a comparable b a s i s ,  w e  assumed t h a t  they 
were d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f a b r i c a t i o n  t i m e s  i nvo lved .  
Th i s  assumption enabled  us t o  c o u n t e r a c t  d i f f e r e n c e s  i n  l a b o r  
ra tes ,  G&A rates, and overhead, and t o  c o n c e n t r a t e  on a l t e r n a t i v e  
time-saving des ign  and f a b r i c a t i o n  concepts .  

F igu re  2 p r e s e n t s  a n  o v e r a l l  c o s t  breakdown f o r  a t y p i c a l  
0.61x1.22-m (2x4-ft)  low-density e i a s t o m e r l c  a b l a t i v e  panel  r e i n -  
f o r c e d  w i t h  honeycomb c o r e  ( r e f .  1 ) .  Raw material  r e p r e s e n t s  15% 
of t h e  t o t a l  c o s t ,  and manufacturing, 58%. From look ing  a t  f i g u r e  
3 ,  w e  f i n d  t h a t  t h e  c o s t  of honeycomb c o r e  is  more than  h a l f  of 
t h e  c o s t  of a l l  r a w  material. 
l a r g e r  f o r  p a n e l s  t h a t  r e q u i r e d  a two-dimensional bending co re . )  
F i g u r e  4 d e p i c t s  t h e  manufacturing c o s t  breakdown. 

(This pe rcen tage  would b e  much 

Three of t h e  o p e r a t i o n s  shown i n  f i g u r e  4--the f a b r i c a t i o n  of 
t h e  subpane l ,  bond c o a t i n g ,  aid c ~ r e  hading--are o p e r a t i o n s  as- 
s o c i a t e d  w i t h  t h e  use  of honeycomb co re .  These t h r e e  o p e r a t i o n s  
c o n s t i t u t e  68% of t h e  t o t a l  manufacturing t i m e .  

A l l  t h e  o p e r a t i o n s  involved  i n  f a b r i c a t i n g  t h e  subassembly 
and f i l l i n g  t h e  honeycomb c o r e  (see f i g .  5 and 6) can  e i t h e r  b e  
e l i m i n a t e d  o r  be  r ep laced  by simply load ing  t h e  a b l a t i v e  mix i n t o  
an open mold. Obviously,  by e l i m i n a t i n g  t h e  honeycomb c o r e  and 
s u b s t i t u t i n g  a lower-cost re inforcement?  p a n e l  c o s t s  can  b e  sub- 
s t a n t i a l l y  reduced. 
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Manufacturing, 

58% 

Figure 2 .  - Cost Breakdown f o r  a Low-Densi t y  , 0.61xl.22-m (2x4-f t )  
F l a t  E la s tomer i c  A b l a t i v e  P a n e l  (ref. 1) 
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Core, 
56% 

Figure 3.- Raw Material Cost Breakdown for  a 90/10 (90% Phenolic 
Microsphere/lO% Silicone Resin) Elastomeric Ablative Panel 

Sub assembly / Ahlatnr mixinn. coating, A 
/\ 19% I 

// Core loading, ‘. I 

Panel subassembly, 

Figure 4.- Manufacturing T i m e  Breakdown for Fabricating an Ablative Panel 



Figure 5 . -  Subassembly Fabrication T i m e  Breakdown 

Core packing, 
7 4% 

preparation, 8% 

~ 

Figure 6 . -  Core Loadin .g T i m e  Breakdown 
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Cont rac to r s '  T i m e  S t u d i e s  

To h e l p  i d e n t i f y  o t h e r  p o s s i b l e  t ime-saving s t e p s ,  w e  reviewed 
t h e  f a b r i c a t i o n  t i m e s  r e p o r t e d  by t h e  o t h e r  f o u r  c o n t r a c t o r s  ( r e f s .  
2 t h r u  5 ) .  
w e  used on ly  t h e  a c t u a l  times f o r  f a b r i c a t i n g  a 0.61x1.22-m (2x4-f t )  
low-density e l a s t o m e r i c  pane l  ( s e e  t a b l e  2 ) .  A s  d e s c r i b e d  ear l ie r ,  
t h i s  e l i m i n a t e d  t h e  need t o  c o n s i d e r  d i f f e r e n c e s  i n  t h e  r e p o r t e d  
manufac tur ing  s u p p o r t  c o s t s ,  i n s p e c t i o n  c o s t s ,  and t o o l i n g  c o s t s ,  
as w e l l  as t h e s e  i n  l a b o r  r a t e s  and overhead. The a n a l y s i s  showed 
t h a t  f o u r  of t h e  c o n t r a c t o r s '  t i m e s  were s i m i l a r ,  and t h a t  North 
American's t imes were cons iderably  h i g h e r ,  even though t h e i r  s a l e s  
p r i c e s  were c l o s e  t o  Mar t in  Marietta's. 

To p u t  each  c o n t r a c t o r ' s  work on a comparable b a s i s ,  

I n  rev iewing  t h e s e  t imes,  w e  d i scove red  t h a t  s e v e r a l  s t e p s  
cons ide red  necessa ry  f o r  f a b r i c a t i n g  a n  a c c e p t a b l e  p a n e l  had n o t  
been  i n c l u d e d  by s e v e r a l  of the c o n t r a c t o r s .  The t i m e s  r e q u i r e d  
t o  complete t h e s e  o p e r a t i o n s ,  shown i n  p a r e n t h e s e s  i n  t a b l e  2 ,  
were added t o  t h e  r e p o r t e d  t i m e s  t o  r each  an a d j u s t e d  t i m e .  
a d d i t i o n ,  some of t h e  r e p o r t e d  times were rea r r anged  f o r  compara- 
t i v e  purposes  s i n c e  t h e r e  were b a s i c  d i f f e r e n c e s  i n  t h e  p r o c e s s e s  
used by t h e  f i v e  c o n t r a c t o r s .  Brunswick, f o r  example, gave a 
s i n g l e  t o t a l  s e t u p  time f o r  t h e  completed p a n e l .  T h e i r  approach 
w a s  t o  use a match m e t a l  molding p rocess  which w a s  n o t  used by 
t h e  o t h e r  f o u r  c o n t r a c t o r s .  The re fo re ,  f o r  comparison, t h e  s e t u p  
t i m e s  w e r e  s p r e a d  and some o f  t h e  s t e p s  were r ea r r anged .  Because 
F a n s t e e l ' s  t i m e s  were n o t  r e p o r t e d  i n  d e t a i l ,  on ly  t h e  major s t e p $  
could  be  l i s t e d  and compared. 

I n  

I n  s t u d y i n g  t h e s e  t imes,  w e  i d e n t i f i e d  c e r t a i n  o p e r a t i o n s  t h a t  
took a long t i m e  t o  perform. These o p e r a t i o n s  are l i s t e d  below. 

1) P r e p a r i n g  t h e  honeycomb subassembly; 

2) D r i l l i n g  v e n t  ho le s ;  

3 )  Secondary bonding of t h e  f a c e  s h e e t  t o  t h e  co re ;  

4) 

5) Loading t h e  core with a b l a t i v e  material. 

Using sprayed  s i l i c o n e  bonding c o a t i n g ;  

The time-saving s t e p s  i d e n t i f i e d  from t h e s e  s t u d i e s  were: 

1) Using a t o o l  t o  cut t h e  f ace - shee t  material; 

2) Using a porous f a c e  s h e e t ;  

3 )  

4) Using p h e n o l i c  bond c o a t i n g ;  

5) Dip-coating t h e  panel ;  

6) Using a n  i s o s t a t i c  chamber f o r  p r e s s i n g  material  i n t o  t h e  

9 
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TABLE 2.- COMPARISON OF CONTRACTOR FABRLCATION TIMES 

~~~ ~ 

Brunswick  I F a n s t e e l  C o o d r i c h  

( 2 . 2 )  
7.9 2.2 

3.0 

N o r t h  American M a r t i n  Marietta 
F a b r i c a t i o n  s t e p s  

sec sec hr - 

3.0 

1 . 0  
3.0 

8.0 
1 . 0  
2.0 

18 .0  - 

- 
4.0  

. I  

i 

Iubassemb l y  

S e t u p  t i m e  
Cut f a c e  s h e e t  
Bag and cure 
Cut c o r e  
Clean  c o r e  
P r e p a r e  bonding t o o l  
P o s i t i o n  assembly end 

Cure  bond 
Remove f rom assembly 
D r i l l  v e n t  ho les  

vacuum bag  

iubassemblv  t o t a l  

11 103 
4 . 3  

5 . 9  
(2 .2)  

11 i o 3  

3.6 
11 

29 
3.6 
7.2 

6 5  

2 . 2  0 .6  
2.2 I 0 . 6  
6 . 8  1 . 9  

2 1  5.85 I 2 0  

' r iming  of subassembly 

S e t u p  t i m e  
P r e p a r e  pr imer  
Pr ime c o r e  assembly 
Cure p r i m e r  

' r iming  t o t a l  

1.8 
4 . 3  

6 . 1  1 4  

' i l ler  t r e a t m e n t  

S e t u p  t i m e  
Dry microspheres  
S c r e e n  m i c r o s p h e r e s  
S t o r e  microspheres 

' i l l e r  t r e a t m e n t  t o t a l  (5 .4)  (1 .5)*  (5 .4)  

I i x i n g  of a b l n t o r  

S e t u p  t i m e  
Weigh b a t c h  
Mix r e s i n  
Mix microspheres  

I i x i n g  t o t a l  

:ore f i l l i n g  

S e t u p  t i m e  
P r e p a r e  t o o l i n g  
Weigh b a t c h  
Load p a n e l  
I n s t a l l  vacuum bag  
Cure 
Remove p a r t  
Pos  t c u r e  

:ore f i l l i n g  t o t a l  

2.7 

7 .0  

9 . 7  
- 

3 . 4  

5 . 0  
5 . 0  

10 .0  
12 .0  

6 . 0  
6 . 0  
1 . 0  

45.0 

_-- 
- 

1 2 . 2  

2 . 0  I 7.2 
5 .9  
1 . 4  

12 .4  

2.7 
1.1 
5.4 

___  

18 
18 
36 
43 
22 
22 

3.6 _ _ _  
162 

.30 

36 

l a c h i n i n g  

Machine e d g e s  
Machine t o p  
Machine a t t a c h m e n t  h o l e s  

l a c h i n i n a  t o t a l  

3.2 
5 .0  1 . 4  1 . 0  

1.0 

2.0 
- 

I 7.2 3 .6  

3.6 

7.2 

( 4 . 5 )  

(4 .5)  

P r e p a r e  f o r  sh ipment  
t o t a l  3.6 1 . 0  - 

99 
? 

7.1 

80.2 
95.9 

l o t a l  t i m e s  r e p o r t e d  
r o t a 1  times a d j u s t e d *  

356 
7 

!3.5 114 .5  (31 .8)  
25.5 1 2 8 . 3  (35 .65)  

I They are i n c l u d e d  o n l y  i n  t h e  a d j u s t e d  t o t a l s .  *Times in p a r e n t h e s e s  were  n o t  r e p o r t e d  b u t  are c o n s i d e r e d  n e c e s s a r y .  

tThe a d j u s t e d  t o t a l  i n c l u d e s  t h e  times i n  p a r e n t h e s e s .  I V 
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Learning Curves and Other Es t imat ing  Assumptions 

When a r e p e t i t i v e  o p e r a t i o n  is performed, i t  t ends  t o  be  done 
a l i t t l e  more e f f i c i e n t l y  each time. 
an improvement curve,  which is simply a graph t h a t  expres ses  t h i s  
i n  a measurable and p r e d i c t a b l e  manner. If t h e  improvement is ex- 
p r e s s e d  i n  terms of c o s t ,  t h e  curve f o r e c a s t s  t h e  e x t e n t  t o  which 
t h e  c o s t s  r e q u i r e d  t o  produce a n  i t e m  w i l l  d e c r e a s e  each  t i m e  t h e  
i t e m  is  produced. Thus, u s ing  a 95% improvement cu rve ,  t h e  second 
p a n e l  t a k e s  5% less f a b r i c a t i o n  t i m e  t h a n  t h e  f i r s t ,  t h e  f o u r t h  
t a k e s  5% less t i m e  t han  the second, and s o  on. 

This  can  be  r e p r e s e n t e d  by 

The use  of improvement cu rves  is based on a g e n e r a l i z a t i o n  
t h a t ,  w i t h i n  c e r t a i n  r easonab le  l i m i t s ,  t h e  knowledge, s k i l l s ,  
and t echn iques  employed i n  producing a p roduc t  w i l l  improve as 
p roduc t ion  c o n t i n u e s ,  even i f  t h e r e  are no s u b s t a n t i a l  changes 
i n  t h e  method of p roduc t ion .  
t i n u a l l y  reduce  t h e  t i m e  and material r e q u i r e d  t o  produce t h e  
p roduc t  and w i l l  t h e r e f o r e  reduce  t h e  c o s t  of t h e  p roduc t .  A 
b a s i c  assumption i n  u s i n g  improvement curves  i s  t h a t  t h e  ra te  of 
improvement is r e l a t i v e l y  r e g u l a r  and c o n s t a n t  f o r  any g i v e n  
p roduc t .  

Th i s  g r a d u a l  improvement w i l l  con- 

The primary use  of improvement cu rves  is t o  p r e d i c t  t h e  c o s t  
of o p e r a t i o n .  However, any p r e d i c t i o n  i s  s u b j e c t  t o  e r r o r ,  espe-  
c i a l l y  when i t  is based  on t h e  o p e r a t i o n  of a complex i n d u s t r i a l  
o r g a n i z a t i o n .  F a c t o r s  n o t  known when t h e  o r i g i n a l  curve  i s  dev- 
e loped ,  such as s t r i k e s ,  slowdowns by employees, machinery break- 
downs, and d e s i g n  problems, are only a few i t e m s  t h a t  can  cause  
a c t u a l  improvement cu rves  t o  vary  from p r o j e c t e d  ones.  The more 
s k i l l f u l  a pe r son  becomes i n  using improvement c u r v e s ,  t h e  b e t t e r  
he  a n t i c i p a t e s  and a l lows  f o r  t hese  unknowns; b u t  because  they 
are unknowns, they can  never be  completely accounted f o r .  Because 
of t h i s ,  improvement curves  have to  be  recognized  f o r  what they 
a re- -va luable  too ls - -but  ones t h a t  i n v o l v e  a g r e a t  d e a l  of sub- 
j e c t i v e  judgment. 

E f f e c t  of v a r i o u s  l e a r n i n g  curves.-  Because p r e d i c t e d  c o s t s  
f o r  producing a b l a t i v e  p a n e l s  f o r  t h e  Space S h u t t l e  .can be  based  
on d i f f e r e n t  l e a r n i n g  cu rves ,  w e  must b e  aware of t h e  d i f f e r e n c e s  
t h a t  can  r e s u l t .  To show t h i s ,  we w i l l  u se  t h r e e  d i f f e r e n t  c o s t  
improvement cu rves  f o r  a n ' a b l a t i v e  p a n e l  and assume t h a t  t h e  f i r s t  
p a n e l  c o s t s  $100 t o  f a b r i c a t e .  
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W e  can then  apply a f a c t o r ,  ob ta ined  from a n  improvement 
curve t a b l e ,  t o  c a l c u l a t e  t h e  c o s t  r e d u c t i o n  due t o  l e a r n i n g  and 
s k i l l  improvement. The fo l lowing  t a b u l a t i o n  i l l u s t r a t e s  t h e  e f -  
f e c t  each improvement curve  has  on t h e  i n i t i a l  c o s t  of $100 p e r  
pane l .  

I I Number of p a n e l s  I 
90% 

92% 

I Curve t 
1 I 10 I 100 1 1000 

$100.00 $70.46 $49.66 $34.99 

100.00 75.80 57.47 43.56 

95% 100.00 84.33 71.12 59.98 

Note t h a t  t h e  h i g h e r  t h e  improvement cu rve ,  t h e  g r e a t e r  t h e  
cumula t ive  average  ' cos t .  

Improvement cu rves  have a tendency t o  be r e l a t i v e l y  h igh  i n  
machine shops because t h e r e  a r e  l i m i t s  on t h e  improvement t h a t  
can be r e a l i z e d .  These l i m i t s  a r ise  from t h e  r e g u l a r  use of 
s t a n d a r d  shop procedures  and numer i ca l ly -con t ro l l ed  machines, 
and because  t h e  o p e r a t o r s  g e n e r a l l y  have a n  e x t e n s i v e  knowledge 
of machinery and t echn iques .  Based on ou r  expe r i ence  w i t h  machine 
shop o p e r a t i o n s  invo lv ing  numer i ca l ly -con t ro l l ed  machines, w e  have 
used an improvement curve  of 97%. 

I n  c o n t r a s t  t o  t h e  f a b r i c a t i o n  area, t h e  assembly, o r  a b l a t i v e  
pane l  f a b r i c a t i o n ,  area t ends  t o  have a lawer  improvement cu rve .  
This  i s  because t h e  many o p e r a t i o n s  a s s o c i a t e d  w i t h  assembly a l low 
a wide r  range of improvement and s k i l l  development. Our assembly 
o p e r a t i o n  has  been g i v i n g  us an o v e r a l l  improvement curve  of  85%. 

We estimate t h a t  t h e  l e a r n i n g  cu rve  f o r  f a b r i c a t i n g  a b l a t i v e  
pane l s  w i l l  l i e  between t h e s e  two ext remes .  I n  view of t h i s  and 
p a s t  a b l a t i v e  h e a t  s h i e l d  p r o d u c t i o n  experi.ence w e  recommend a 
l e a r n i n g  curve  of 92%. 

F igu re  7, which is  p l o t t e d  on log-log pape r ,  shows t h e  a f f e c t ,  
on average  t i m e s  of u s ing  t h r e e  d i f f e r e n t  improvement cu rves  t o  
p r e d i c t  t h e  d i r e c t  t i m e s  r e q u i r e d  t o  f a b r i c a t e  a n  a b l a t i v e  p a n e l .  
The t i m e s  are based  on t h e  t i m e  s t u d y  conducted under C o n t r a c t  
Nul -9946 ( r e f .  1). 

r 
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Other  c o s t  f a c t o r s . -  Other  f a c t o r s  b e s i d e s  t h e  l e a r n i n g  cu rve  
a f f e c t  t h e  f i n a l  c o s t .  Even though a b l a t i v e  p a n e l s  have never  
been f a b r i c a t e d  i n  l a r g e ,  mass-production l o t s ,  w e  can  use  ou r  ex- 
pe r i ence  w i t h  m e t a l  working, subassembly, and f i n a l  assembly t o  
e s t i m a t e  how m a s s  p roduc t ion  a f fec ts  f a b r i c a t i o n  c o s t s .  The 
primary e f f e c t  is  on t h e  r e j e c t i o n  ra te .  The f a c t o r s  t h a t  have 
the  g r e a t e s t  i n f l u e n c e  on  t h e  r e j e c t i o n  ra te  are  t h e  s k i l l  l e v e l ,  
t he  a v a i l a b i l i t y  and adequacy of t o o l i n g  and f a c i l i t i e s ,  and t h e  
q u a l i t y  of materials. Depending on t h e s e  f a c t o r s ,  t h e  r e j e c t i o n  
r a t e  can  b e  as h igh  as l o % ,  o r  as low as 7%.  

Es t ima t ions  of P a n e l  Cost  

During t h i s  s t u d y ,  w e  developed and p r i c e d  f i v e  d i f f e r e n t  
methods f o r  f a b r i c a t i n g  a n  a b l a t i v e  h e a t  s h i e l d .  The f a b r i c a t i o n  
methods are d e s c r i b e d  i n  Appendix A; t h e  p r i c i n g  methods are des- 
c r ibed  i n  t h e  n e x t  s e c t i o n .  To e s t a b l i s h  a b a s i s  f o r  comparing 
cos t s ,  w e  took  t h e  a c t u a l  t i m e s  shown i n  r e f e r e n c e  1 f o r  f a b r i c a t -  
ing  a low-densi ty ,  61x122x5-cm (2x4-ft  x 2- in . )  e l a s t o m e r i c  p a n e l ,  
and f a c t o r e d  i n  t h e  new p rocess  t i m e s .  The f i v e  methods and t h e i r  
code d e s i g n a t i o n s  a re  l i s t e d  below. 

Code Method - 
A Th i s  is  t h e  o l d  method r e p o r t e d  i n  r e f e r e n c e  1. The 

c o s t  breakdown f o r  material  w a s  a d j u s t e d  t o  cor respond t o  
t h e  c o s t  of a n  80120 (80% pheno l i c  mic rosphe res ,  20% s i l -  
i cone  r e s i n )  e l a s t o m e r i c  mix tu re ,  b u t  t h e  manufac tur ing  
t i m e s  were assumed t o  remain t h e  same. 

B This  pane l  u ses  SS-41" a b l a t o r ,  a pheno l i c  bond c o a t i n g  
over  t h e  c o r e ,  and a porous  face s h e e t .  

* S S - 4 1  i s  a n  a b l a t i v e  composi t ion  developed by NASA-LRC. However, 
i n  t h i s  s t u d y  w e  used a m o d i f i c a t i o n  of t h e i r  o r i g i n a l  f o r m u l a t i o n ,  
and r e f e r  t o  t h i s  modi f ied  composi t ion  as S S - 4 1 .  This  change w a s  
made t o  improve t h e  h a n d l i n g  p r o p e r t i e s  of t h e  m a t e r i a l  by sub- 
s t i t u t i n g  GE 655 f o r  GE 602 r e s i n ,  and t o  lower t h e  m a t e r i a l ' s  
c o s t  by us ing  I G - 1 0 1  i n  p l a c e  of t h e  S i  mic rosphe res .  The fo l low-  
ing t a b u l a t i o n  compares t h e  two f o r m u l a t i o n s .  

N A S A ' s  SS-41 S S - 4 1  as used i n  t h i s  s t u d y  
# 

50% Phenol ic  microspheres ,  BJO-0930 50% P h e n o l i c  mic rosphe res ,  BJO-0930 
25% S i l i c o n e  r e s i n ,  GE 602 25% S i l i c o n e  r e s i n ,  GE 655 
15% Glass  microspheres ,  EC S i  15% Glass microspheres ,  EC IG-101 
10% Nylon powder, 66D 10% Nylon powder, 660 
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. 

A, B ,  C y  D ,  E 

C Th i s  p rocess  u s e s  t h e  SS-41 composi t ion  i n  a l a r g e - c e l l e d  
honeycomb c o r e  w i t h o u t  a f a c e  s h e e t .  

$3550 $3550 $7083 $10 000 

D Th i s  material u s e s  f i b e r s  t o  r e p l a c e  t h e  honeycomb r e i n -  
forcement and a l s o  does not have a f a c e  s h e e t .  

E Th i s  pane l  i s  of t h e  ribbon c o n s t r u c t i o n  wi thou t  a f a c e  
s h e e t .  

The t i m e s  shown i n  Appendix A a r e  based  on 30.4x30.4x5-cm 
(12x12x2-in.) p a n e l s  and have been e x t r a p o l a t e d  t o  de te rmine  t h e  
e q u i v a l e n t  t i m e s  f o r  a 61x122x5-cm (2x4-ft  x 2-in.)  f l a t  pane l .  
F i g u r e  8 d e p i c t s  t h e  p rocess  s i m p l i f i c a t i o n s  developed under t h i s  
s t u d y  and summarizes t h e  d a t a  p re sen ted  i n  Appendix A.  

P r i c i n g  Method 

Because t h e  p a n e l  s i z e s  and phases have n o t  been c l e a r l y  de- 
f i n e d  f o r  t h e  Space S h u t t l e  O r b i t e r  and n o t  conven t iona l ly  i n -  
c luded,  w e  e l e c t e d  t o  omit t o o l i n g  c o s t s  from t h e  t o t a l  p a n e l  c o s t .  
These t o o l i n g  c o s t s  are shown s e p a r a t e l y  i n  t a b l e  3 .  

TABLE 3.- TOOLING COST PER LOT 

I I Number of pane l s  1 
I 1 1 1 0  1 100 I 1000 

Once t h e  c o n f i g u r a t i o n s  are de f ined ,  t h e s e  c o s t s  can be  a d j u s t e d  
by u s i n g  a pane l  complexity f a c t o r .  Only t h e  61x122x5-cm (2x4-ft  
x 2-in.)  f l a t  p a n e l s  were p r i c e d .  I n  p r i c i n g  them, w e  reviewed 
our  p rev ious  r e j e c t i o n  and rework pe rcen tage ,  25%, which w a s  based  
on t h e  e i g h t  p a n e l s  f a b r i c a t e d  under Con t rac t  NAS1-9946. The new 
c o s t  iim contains a In% r e j e c t i o n  and rework f a c t o r ,  which i s  more 
i n  l i n e  w i t h  o u r  p r e s e n t  f a b r i c a t i o n  r e c o r d s  and expe r i ence .  Also,  
ou r  overhead rates, G&A rates, and wages have changed s i n c e  t h e  
o r i g i n a l  p r i c e s  were quoted.  The n e t  r e s u l t  i s  t h a t  whereas 100 
p a n e l s  c o s t  $1326/m2 ( $ 1 2 4 / f t 2 > ,  t h e  p r i c e  i s  now $963/m2 ($89.50/ 
f t 2 )  . 
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1. 

2 .  

3 .  

4 .  

5.  

6 .  

7. 

8 .  

9.  

10.  

11. 

12.  

P r i c i n g  Assumptions 

All e s t i m a t e d  f a b r i c a t i o n  times are  based  on run  i m e s  m e a -  
su red  i n  t h e  Engineer ing  P l a s t i c s  Laboratory when f a b r i c a t i n g  
t h e  61x122x5-cm (2x4-f t  x 2-in.) p a n e l s .  

Base l ine  p roduc t ion  t i m e s  were d e r i v e d  from t h e  a c t u a l  Engi- 
n e e r i n g  Labora tory  run  t i m e s  by adding a 25% f a c t o r  t o  account  
f o r  d i f f e r e n c e s  i n  s k i l l  l e v e l ,  mo t iva t ion ,  e tc .  

A 95% l e a r n i n g  curve  w a s  used f o r  p roduc t ion  runs  f o r  l o t s  
of 10 p a n e l s .  
and 90% l e a r n i n g  cu rves ,  r e s p e c t i v e l y .  

Lo t s  of 100 and 1000 p a n e l s  were g iven  92% 

The manufactur ing suppor t  f a c t o r ,  which i s  added t o  t h e  d i r e c t  
manufactur ing t i m e s ,  i n c l u d e s  r e j e c t i o n  and rework, in-scope 
d e s i g n  changes,  shop supe rv i s ion ,  p roduc t ion  c o n t r o l ,  p r o j e c t  
suppor t ,  and i n d u s t r i a l  engineer ing .  

Q u a l i t y  c o n t r o l  a c t i v i t i e s  were e s t i m a t e d  a t  26% of t h e  
t o t a l  manufactur ing t i m e ,  excluding t h e  manufactur ing sup- 
p o r t  f a c t o r .  

Engineer ing  suppor t  was e s t ima ted  a t  20% of t h e  manufactur ing 
t i m e s ,  exc luding  t h e  manufactur ing suppor t  f a c t o r .  

A l i m i t e d  t o o l i n g  concept  (nonautomated t o o l i n g )  h a s  been 
assumed. Under t h i s  concept ,  t o o l i n g  i s  accomplished by 
l a b o r a t o r y  t e c h n i c i a n s  us ing  shop a i d s ,  and wi thou t  p rocess  
p l a n s .  Tool ing  c o s t s  are p r i ced  s e p a r a t e l y .  

A l l  p a n e l s  a r e  t o  b e  shipped,  25 p e r  c o n t a i n e r ,  i n  nonreus- 
a b l e  c o n t a i n e r s .  

All c o s t s  are  based on January 1972 l a b o r  ra tes ,  and no es- 
c a l a t i o n  f a c t o r s  a re  added to  r e f l e c t  f u t u r e  c o s t s .  

No c o s t s  a re  added f o r  overt ime.  

Q u a l i t y  a s su rance  t e s t i n g  costs are  based  on n o n d e s t r u c t i v e  
( r ad iog raph ic )  tests of each and every  pane l .  

A l l  c o s t s  exc lude  t r a v e l ,  computer t i m e ,  c o n t r a c t  d a t a  docu- 
men ta t ion ,  and r ep roduc t ion .  
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13. A l l  c o s t s  are  e x c l u s i v e  of any f e e  o r  p r o f i t .  

Process  

A 

B 

C 

D 

E 

14.  All c o s t s  i n c l u d e  r a w  m a t e r i a l s .  

Number of  p a n e l s  

1 1 0  100 1000 

$ /m2  $ / f t 2  $ /m2  $ / f t 2  $/m2 S / f t 2  $ /m2  $ / f t 2  

2784 258.63 1492 135.58 963 89.50 648 60.26 

2803 260.38 1300 120.75 896 83.26 629 58.48 

2189 203.38 1036 96.21 708 65.75 502 46.73 

1409 130.88 836 77.71 569 52.87 424 39.36 

1472 136.75 973 90.44 666 61.86 475 44.18 

$ / f t 2  

16.94 

21.82 

16.32 

10.32 

10.85 

TABLE 5.- RAW MATERIAL COST PER UNIT AREA, UNBURDENED 

$/m2 $ / f t 2  

137 12.22 

188 17 .49  

1 4 1  13.12 

105 9.78 

106 9 .83  

Process  

D 

E 

Number of 61x122-cm 

1 1 10  

$ /m2 

1214 

1430 

1072 

487 

391 

$ / f t2  

112.75 

132.88 

99.63 

45.25 

36.30 

$ /m2 

239 

306 

230 

139 

144 

$ / f t2  

22.20 

28.48 

21.36 

12 .93  

13.40 

!x4-f t )  Danels 
~~ 

100 I 1000 

$ /m2 

182 

235 

175 

111 

1 1 7  
I 

TABLE 6 . -  COST PER 61x122-cm (2x4-f t )  PANEL 

Process  1 

$2069 .OO 

2083.00 

1627.00 

1047.00 

1094.00 

10 
$1084.60 

966.00 

769.70 

621.70 

723.50 

100 

$ 716.01 

666.09 

526.02 

422.98 

494.91 

1000 

$ 482.09 

467.84 

373.80 

314.89 

353.41 
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TABLE 7.- MATERIAL COST PER PANEL, UNBURDENED 

1 

$ 902.00 

1063.00 

797.00 

362.00 

291.00 

P rocess  i 10 100 

$177.60 $135.55 

227.80 174.59 

170.90 130.59 

103.40 82.58 

107.20 86.80 

1 p a n e l s  

1000 

$101.72 

139.92 

104.94 

78.21 

78.68 

Ref urb is hmen t Cos t 

Tables  8 through 1 2  show t h e  re furb ishment  c o s t  c a l c u l a t e d  
f o r  r e u s a b l e  subpanels .  These c o s t s  are based  on a t i m e  s tudy  
r eco rded  i n  Appendix B .  Two methods are  p r i c e d :  t h e  f i r s t  i s  
our  shop method, which i s  based on t h e  use  of on ly  l i m i t e d  hand 
t o o l s ;  t h e  second method would require optimum t o o l i n g  and a power 
p l a n e  t h a t  could  remove more s p e n t  a b l a t o r  t h a n  ou r  p r e s e n t  hand- 
h e l d  power p l ane .  

Detai ls  of  t h e  a c t u a l  re furb ishment  method are  d e s c r i b e d  i n  
a l a t e r  s e c t i o n  of  t h i s  r e p o r t .  

. 
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TABLE 8.- REFURBISHMENT COST PER PANEL 

Process  1 
$/m2 S / f t 2  

A ,  B ,  C y  D ,  o r  E 174  16 .13  

I I Number of  p a n e l s  I 

1 0  100 1000 

$ /m2  $ / f t 2  $/m2 $ / f t 2  $ /m2  $ / f t 2  

148  13 .73  110 10 .22  73 .40  6 .82  

I Process 

A ,  B ,  C ,  D ,  o r  E $79.00  $64.60 

1 10 I 100 1 1000 

$46.85 $32.82 

I A ,  B ,  C ,  D ,  o r  E 1$129.001 $109.801 $81.76 1$54.55  I 

Process  1 I 10 I 100 

TABLE 9.- REFURBISHMENT COST PER UNIT AREA 

I Number of  p a n e l s  I 

1000 

$ / m 2  $ / f t 2  

A ,  B ,  C ,  D o r  E 106 9 . 8 8  

TABLE 10.- REPLACEMENT COST PER PANEL, USING OPTIMUM 
TOOLING 

$/m2  $ / f t 2  $ / m 2  $ / f t 2  $/m2 $ / f t 2  

87 8.08 6 3  5.86 44 4.10 

P r o c e s s  
Number o f  p a n e l s  

1 10 I 100 I 1000 

TABLE 11.- REPLACEMENT COST PER UNIT AREA, USING OPTIMUM TOOLING 

TABLE 12.- TOOLING COST, USING OPTIMUM 
TOOLING REPLACEMENT 

Number of  p a n e l s  
P r o c e s s  

1 1  10 I 100 I 1000 

I A ,  B, C ,  D o r  E l 7 4 7 0 1  $7470 I $7470 I $ 7 4 7 0  I 
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HONEY COMB REPLACEMENT 

f 

The most e f f e c t i v e  cos t - r educ t ion  method is t o  r e p l a c e  t h e  hon- 
eycomb w i t h  o t h e r  materials t h a t  w i l l  perform i t s  b a s i c  f u n c t i o n s .  
Our approach w a s  t o  c o n s i d e r  o t h e r  t ypes  o f  re inforcement  on t h e  
b a s i s  o f  t h e i r  e s t i m a t e d  e q u i v a l e n t  r e in fo rcemen t  and t o  e v a l u a t e  
t h e i r  thermal  performance and t h e i r  f a b r i c a t i o n  and r a w  mater ia l  
c o s t s .  The e s t i m a t e d  equivalency approach w a s  used because o f  a 
l a c k  of d e f i n i t i v e  h e a t  s h i e l d  performance c r i t e r i a  t h a t  would 
c l a r i f y  a b l a t o r  re inforcement  requirements .  We f e e l  t h i s  approach 
p rov ides  a r e a l i s t i c  e v a l u a t i o n  of  a l t e r n a t i v e  reinforcement  meth- 
ods and r e a l i s t i c a l l y  assesses t h e i r  a p p l i c a b i l i t y  t o  h e a t - s h i e l d  
des ign  and f a b r i c a t i o n  p r o c e s s e s .  

During t h i s  s t u d y ,  w e  developed t h r e e  c o n f i g u r a t i o n s  t h a t  w e  
f e e l  meet t h e  requirements  o f  char  and pyrolysis-zone r e i n f o r c e -  
ment. The f i r s t  i s  a pane l  t h a t  con ta ins  g l a s s -pheno l i c  r ibbons 
on 1.3-,cn (0.5-in.  ) c e n t e r s .  These r ibbons  extend through t h e  
dep th  o f  t h e  p a n e l  f o r  re inforcement .  The second i s  a p a n e l  w i t h  
l a r g e r  c e l l s .  Using 1.9-cm (0.75-in.)  c e l l s  i n s t e a d  of t h e  con- 
v e n t i o n a l  0.9-cm (0.37-in.)  c e l l s  f a c i l i t a t e s  co re  l o a d i n g ,  and 
r e s u l t s  from thermal tests show t h a t  there i s  e s s e n t i a l l y  no d i f -  
ference between the two c o n f i g u r a t i o n s .  The t h i r d  p a n e l  u ses  a 
h i g h  p e r c e n t a g e  of long g l a s s  f i b e r s  t o  s t a b i l i z e  t h e  c h a r  and 
p r o v i d e  r e in fo rcemen t .  'w'e b e l l e v e  that a l l  three c o n f i g u r a t i o n s  
are s a t i s f a c t o r y  f o r  Space S h u t t l e  use .  

A l l  t h r e e  reinforcement  concepts were e v a l u a t e d  the rma l ly  by 
plasma-arc tests. To f u r t h e r  prove o u t  t h e s e  concep t s ,  w e  
a l s o  t e s t e d  them i n  t h e  plasma-arc l a r g e  wedge c o n f i g u r a t i o n  u s i n g  
20x35-cm (8x14-in.) specimens. The ribbon-panel c o n f i g u r a t i o n  w a s  
t e s t e d  w i t h  t h e  r ibbons  running p a r a l l e l  t o  the f low,  as w e l l  as 
p e r p e n d i c u l a r  t o  t h e  flow. The o t h e r  c o n f i g u r a t i o n s  t h a t  were 
t e s t e d  were t h e  i i b e r  c o i i i p o s i t i ~ n  pane1 and t h e  Langley SS-41 com- 
p o s i t i o n  i n  t h e  0.9-cm (0.37-in.)  c e l l  co re .  W e  d i d  n o t  b e l i e v e  
i t  necessa ry  t o  tes t  t h e  l a r g e - c e l l  co re  i n  the  wedge configura-  
t i o n  because t h e  s p l a s h  tes ts  showed t h a t  t h e  d i f f e r e n c e  i n  c e l l  
s i z e  d i d  n o t  a f f e c t  performance. 

F a b r i c a t i o n  t i m e  s t u d i e s  were a l s o  made f o r  t h e s e  pane l  con- 
f i g u r a t i o n s .  The e s t i m a t e d  f a b r i c a t i o n  c o s t s  are r e p o r t e d  i n  t h e  
Cost Analysis  s e c t i o n  o f  t h i s  r e p o r t .  
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Ribbon Reinforcement 

During t h e  s t u d y ,  w e  f a b r i c a t e d  and t e s t e d  several  k i n d s  of  
pane l s  t h a t  used g l a s s  c l o t h  r ibbons  i n s t e a d  of  honeycomb co re .  
Our f i r s t  a t t e m p t s  were t o  cu re  t h e  a b l a t i v e  material  and t h e  pre-  
p reg  r ibbons  t o g e t h e r  t o  form t h e  pane l .  Because o f  t h e  s p r i n g -  
back of  t h e  compressed material and i t s  h igh  debulk ing  f a c t o r ,  
such a t t e m p t s  have n o t  been s u c c e s s f u l .  W e  t hen  env i s ioned  t h a t  
a low-cost p a n e l  could  be  f a b r i c a t e d  by f i r s t  e x t r u d i n g  t h e  ab la-  
t i ve  material  between l a y e r s  of  p rep reg ,  and then  c u t t i n g  t h e  r i b -  
bons produced i n  t h i s  cont inuous o p e r a t i o n  i n t o  l e n g t h s  and lam- 
i n a t i n g  them t o g e t h e r  t o  form an a b l a t i v e  pane l .  The fo l lowing  
t a b u l a t i o n  l i s t s  t h e  a t t empt s  t h a t  were made and t h e i r  end r e s u l t s .  

P 

F a b r i c a t i o n  method 

1. Preform prepared  f i b e r g l a s s  
i n t o  U-shaped channe,ls and 
f i l l  w i t h  a b l a t o r .  Laminate 
t o g e t h e r  under  p r e s s u r e  and 
h e a t .  

2 .  Preform a b l a t o r  i n t o  s l a b s  by 
p r e s s i n g  and s l i p  t h e  pre-  
forms i n t o  t h e  formed chan- 
n e l s .  Cure i n t o  pane l .  

3 .  Place l a y e r s  o f  p rep reg  w i t h  
a l t e r n a t e  l a y e r s  of  l o o s e  
a b l a t i v e  m a t e r i a l .  Apply 
molding p r e s s u r e  t o  s i d e s  o f  
pane l .  

R e s u l t s  

The h igh  debulk ing  f a c t o r  re- 
s u l t e d  i n  buck l ing  of t h e  chan- 
n e l  l e g s .  D i f f i c u l t y  i n  uni-  
formly f i l l i n g  t h e  channels  
was a l s o  exper ienced .  

Springback of a b l a t i v e  preforms 
prevented  s u f f i c i e n t  m a t e r i a l  
from b e i n g  p l aced  i n  channels .  
This  caused t h e  channels  t o  
buck le  d u r i n g  cu r ing .  

Th i s  r e s u l t e d  i n  i n s u f f i c i e n t  
p r e s s u r e  i n  t h e  c e n t e r  of  t h e  
p a n e l ,  very  l o w  d e n s i t y ,  and 
d i s t o r t i o n  of t h e  p rep reg .  

Next,  work w a s  d i r e c t e d  toward f a b r i c a t i n g  p a n e l s  from pre-  
cured a b l a t i v e  b i l l e t s .  P r e c u r i n g  t h e  a b l a t i v e  mater ia l  e l imin -  
a ted t h e  problems due t o  sp r ingback  and h igh  debu lk ing  f a c t o r s ,  
produced uniform a b l a t i v e  material ,  and enab led  us  t o  e l i m i n a t e  
t h e  core  subassembly,  t h e  c o r e ,  and t h e  need t o  f i l l  t h e  c o r e  w i t h  
a b l a t o r .  

The b a s i c  procedure  f o r  f a b r i c a t i n g  t h e s e  p a n e l s  w a s  as f o l -  
lows  : 

1) Mix a b l a t i v e  composi t ion.  

2 )  

3)  Apply i s o s t a t i c  p r e s s u r e  t o  compact mix tu re .  

P l ace  mix i n  mold and vacuum-bag. 

22 



4 )  P l a c e  mix i n  oven and cu re  under  vacuum p r e s s u r e .  

Glass 
microspheres  , 

PbW 

-- 
-- 
20 
40 
20 
-- 

3 

Glass 
f i b e r s  , 

PbW 

-- 
-- 
-- 
-- 
15 
10 

5 )  Saw cured b i l l e t  i n t o  s t r i p s .  

90 
80 
60 
40 

i 60 
80 

6)  S l i c e  p r e p r e g  and c u t  t o  l eng th .  

7 )  Laminate a l t e r n a t i n g  l a y e r s  o f  a b l a t o r  and prepreg .  

8 )  Cure adhes ive lp rep reg  accord ing  t o  r e s i n  used.  

The f i r s t  a b l a t i v e  mixtures  t h a t  were f a b r i c a t e d  i n t o  b i l l e t s  
and formed i n t o  r ibbon p a n e l s  had t h e  fo l lowing  composi t ions.  A l l  
o f  t h e s e  composi t ions could be  f a b r i c a t e d  i n t o  r ibbon-type 
a b l a t i v e  pane l s .  

S i l i c o n e  r e s i n  
w i t h  c a t a l y s t s ,  

PbW 

10 
20 
20 
20 
20 
20 

Pheno l i c  
microspheres ,  

PbW 

S e v e r a l  p rep reg  r ibbon systems were s t u d i e d  t o  de t e rmine  which 
w a s  t h e  b e s t .  P re l imina ry  i n v e s t i g a t i o n s  revea led  t h a t  a high- 
tempera ture  epoxy p rep reg  system l acked  s u f f i c i e n t  adhes ion .  Con- 
s e q u e n t l y ,  a l l  a d d i t i o n a l  work was d i r e c t e d  toward pheno l i c  and 
s i l i c o n e  systems.  
t o  cause  t h e  a b l a t i v e  m a t e r i a l  t o  f a i l  cohes ive ly ,  r a t h e r  t h a n  
c a u s i n g  an adhes ive  f a i l u r e  between t h e  a b l a t o r  and r ibbons .  The 
s i l i c o n e  systems have aa a d d i t i o n a l  advantage i n  t h a t  t hey  can b e  
cured  a t  room tempera ture  under  iow coiitact ~;re.csure, h u t  on t h e  
o t h e r  hand,  t hey  i n v a r i a b l y  produce h igh-dens i ty  p a n e l s  because  
o f  t h e  l a r g e  amount o f  r e s i n  r equ i r ed  t o  o b t a i n  a s a t i s f a c t o r y  
bond. 

Both o f  t h e s e  systems p rov ide -  enough adhes ion  

To i n i t i a l l y  e v a l u a t e  t h e  f e a s i b i l i t y  o f  u s ing  r ibbon  p a n e l s ,  
a 36x20x5-cm (14x8x2-in. ) plasma-arc wedge tes t  specimen was 
p repa red  and t e s t e d .  This  specimen w a s  composed o f  80 pbw o f  
p h e n o l i c  microspheres ,  20 pbw of  DC 182 s i l i c o n e  r e s i n ,  and 15  pbw 
o f  1.3-cm (0.5- in . )  E-glass f i b e r s .  The a b l a t i v e  b i l l e t  w a s  i so -  
s t a t i c a l l y  compacted a t  7 kg/sq c m  (100 p s i ) ,  t hen  cured under 
vacuum p r e s s u r e  a t  398°K (250°F) f o r  5 8  x l o 3  s e c  ($16 h r )  and 
c u t  i n t o  1.3-cm (0.5- in . )  wide s t r i p s .  

23 



The panel  w a s  p repared  by impregnat ing  c a t a l y z e d  RTV6O i n t o  
s t r i p s  of  181 g l a s s  c l o t h .  The impregnated r ibbons  and a b l a t i v e  
s t r i p s  were lamina ted  t o g e t h e r  under C-clamp p r e s s u r e  and allowed 
t o  cu re  ove rn igh t .  The pane l  w a s  t hen  cu t  t o  t h e  tes t  wedge con- 
f i g u r a t i o n .  

The forward s e c t i o n  w a s  made wi th  t h e  r ibbons  running t r a n s -  
verse t o  t h e  flow. The l a s t  5.6-cm (2 .2- in . )  s t r i p  w a s  cu t  w i t h  
t h e  r ibbons  running  p e r p e n d i c u l a r  t o  those  i n  t h e  f irst  s e c t i o n s  
i n  o r d e r  t o  e v a l u a t e  p a r a l l e l  as w e l l  as p e r p e n d i c u l a r  flow dur- 
i n g  t h e  plasma-arc tests. 

A c l o s e d - c i r c u i t  t e l e v i s i o n  r eco rd  showed t h a t  t h e  r ibbons  
r e i n f o r c e d  t h e  char  and prevented  i t  from c rack ing  du r ing  t h e  t es t .  
However, du r ing  a subsequent  i n s p e c t i o n ,  some c r a c k i n g  w a s  ob- 
s e r v e d  a t  t h e  back end of t h e  model where lower h e a t  f l u x e s  were 
p r e s e n t .  These c racks  probably occur red  d u r i n g  cooldown, s i n c e  
p rev ious  tests have shown t h a t  s u r f a c e  c racks  can b e  s e e n  u s i n g  
t h e  TV system. 

Approximately 500 sec i n t o  t h e  run ,  small  molten d r o p l e t s  
o r i g i n a t i n g  a t  t h e  r ibbons  could be  seen  forming on t h e  s u r f a c e .  
A p o s t t e s t  examinat ion o f  t h e  pane l  r evea led  t h a t  t h e  me l t ing  
w a s  due almost  e n t i r e l y  t o  s u r f a c e  e f f e c t s  and t h a t  t h e  amount o f  
r ibbon melted w a s  i n s i g n i f i c a n t  s i n c e  i t s  r e c e s s i o n  d i d  n o t  ex- 
ceed t h e  sh r inkage  of  t h e  a b l a t i v e  material  packed between t h e  
r ibbons  ( s e e  f i g .  9 ) .  Based on t h i s  i n s p e c t i o n ,  w e  concluded 
t h a t  t h e  r ibbons  were a t  l eas t  a s  r e s i s t a n t  as t h e  a b l a t i v e  m a t -  
r i x .  

Even though t h e  pheno l i c  p r e p r e g  r ibbons  must b e  cured  u s i n g  
bo th  h e a t  and p r e s s u r e ,  w e  recommend them ove r  s i l i c o n e  r e s i n s .  
The sys tem w e  s e l e c t e d  c o n s i s t e d  o f  p h e n o l i c  r e s i n  91LD impreg- 
na ted  i n t o  a 181 g l a s s  c l o t h  f a b r i c .  This  sys t em performed w e l l  
and could be cured under  moderate  p r e s s u r e .  
have used l i g h t e r  c l o t h  and o t h e r  pheno l i c  composi t ions ,  t h e  
sys tem worked w e l l  and m e t  ou r  g o a l s  on t h e  program, SO w e  used i t  
r a t h e r  t han  conduct a m a t e r i a l s  survey  f o r  a b e t t e r  system. 

Although w e  could  

A t  f i r s t  w e  used a hea ted  p l a t e n  p r e s s  t o  l a m i n a t e  t h e  phen- 
o l i c  r ibbons  t o  t h e  a b l a t o r .  However, t h i s  method could n o t  be  
used f o r  l a r g e  p a n e l s ,  s o  w e  made an i s o s t a t i c  l a m i n a t i n g  t o o l  t o  
bond t h e  p h e n o l i c  r ibbon p a n e l s  t o g e t h e r .  Th i s  t o o l  a l lows  
0 .205~0.305~0.051-m (12x12x2-in. ) p a n e l s  t o  b e  made u s i n g  an auto-  
c l ave  cure .  " 
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The f i r s t  pane l  made by adding  f i b e r s  t o  t h e  SS-41 composi- 
t i o n  and by us ing  pheno l i c  l a m i n a t i n g  r e s i n  had a d e n s i t y  of  
0.378 gm/cm3 (23.5 l b / f t 3 ) .  T h i s  w a s  reduced t o  t h e  p r e s e n t  
dens i ty  of  about 0.25 gm/cm3 (15.0 l b / f t 3 )  by changing t h e  SS-41 
composition and reducing  t h e  packing  p r e s s u r e .  Our f i n a l  compo- 
s i t i o n  w a s  : 

S i l i c o n e  r e s i n  (GE 655) 20% 

Pheno l i c  microspheres  ( B J O  0930) 35% 

Nylon powder (66D) 10% 

Glass  microspheres  (IG 101) 25% 

E-glass f i b e r s ,  1 . 3  cm (0.5 i n . )  l ong  10% 

To compact and cu re  t h e  b i l l e t ,  t h e  above mixture  w a s  p l aced  i n  
a mold and vacuum bagged. 
compaction and cu r ing .  The l amina t ing  p r e s s u r e  w a s  reduced from 
340 kN/m2 (50 p s i a )  t o  206 kN/m2 (30 p s i ) .  
composition are i d e n t i c a l  t o  t h e  ones used f o r  t h e  plasma-arc 
wedge specimen d e s c r i b e d  l a t e r  i n  t h i s  r e p o r t ,  and are t h e  ones  
w e  recommend f o r  p a n e l  c o n s t r u c t i o n .  

Only 48 kN/m2 ( 7  p s i a )  w a s  used f o r  

Th i s  procedure  and 

F i b e r  Rein f o r  cemen t Concept 

An a b l a t i v e  p a n e l  t h a t  c o n t a i n s  o n l y  f i b e r  re inforcement  pro- 
vides t h e  lowes t -cos t  pane l .  
duced by i n c r e a s i n g  t h e  f i b e r  con ten t  u n t i l  t h e  re inforcement  i s  
equ iva len t  t o  t h a t  p rovided  by honeycomb core .  T h i s  concept  re- 
duces f a b r i c a t i o n  c o s t s  s i n c e  i t  e l i m i n a t e s  t h e  r a w  material used 
i n  t h e  core--as w e l l  as t h e  t i m e  s p e n t  i n  l o a d i n g  t h e  a b l a t i v e  
m a t e r i a l s  i n t o  t h e  core--and i t  a l s o  produces  a g a i n  i n  thermal  
e f f i c i e n c y  due t o  t h e  lower d e n s i t y  and t h e  absence of  conduct ion  
down t h e  co re  c e l l  w a l l s .  To d a t e ,  i n  plasma-arc tes ts ,  w e  have 
n o t  found ev idence  o f  d e t r i m e n t a l  c r ack ing  i n  t h e  p y r o l y s i s  and 
cha r  zones.  We f e e l  t h a t  t h i s  material can b e  shown t o  per form 
w e l l  i n  lower-heat-f lux r e g i o n s ,  b u t  t h a t  e x t e n s i v e  a d d i t i o n a l  
tests would b e  r e q u i r e d  b e f o r e  i t  can b e  cons ide red  f o r  t h e  h igh-  
h e a t - f l u x ,  h igh-shear  areas. 

A s a t i s f a c t o r y  p a n e l  can be  pro- 

After e v a l u a t i n g  s e v e r a l  composi t ions  t h a t  used g l a s s  f i b e r  re- 
inforcement ,  w e  s e l e c t e d  t h e  S S - 4 1  composi t ion  t o  which 15 pbw of  
g l a s s  f i b e r s  have been added as o u r  recommended mix tu re .  To f a b r i -  
cate a p a n e l ,  t h e  mixed material is  s p r e a d  even ly  i n t o  a mold, 
vacuum bagged, and cu red ,  and t h e  cu red  p a n e l  i s  t h e n  machined t o  
f i n a l  dimensions.  
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We a l s o  examined t h e  f e a s i b i l i t y  o f  s p r a y i n g  an  a b l a t o r  com- 
p o s i t i o n  c o n t a i n i n g  s h o r t  r e i n f o r c i n g  f i b e r s  d i r e c t l y  o n t o  a n  
aluminum s k i n .  This  approach proved i m p r a c t i c a l  f o r  t h i c k  sec- 
t i o n s  because t h e  s p r a y i n g  o p e r a t i o n  w a s  very  t i m e  consuming and 
because t h e  r e s u l t i n g  material had a h i g h  d e n s i t y  [ 0 .40  gm/cm3 
(25  l b / f t 3 > ] .  

F i b e r g l a s s  Thread Rein f o r  cement 

During t h e  s t u d y ,  w e  a l s o  made and t e s t e d  a pane l  t o  e v a l u a t e  
t h e  use of  ve r t i ca l  f i b e r g l a s s  t h reads  f o r  re inforcement .  To 
f a b r i c a t e  t h e  pane l ,  an 80/20 mixture o f  a b l a t i v e  material w a s  
p repared  and sandwiched between two f a c e  s h e e t s  o f  uncured g l a s s  
p h e n o l i c  prepreg .  Threads of  E f i b e r g l a s s  were t h e n  sewn through 
t h e  p a n e l  u s ing  a hand a w l .  Next t h e  p a n e l  w a s  vacuum-bagged and 
cu red ,  and t h e  t o p  f a c e  s h e e t  w a s  c u t  o f f ,  l e a v i n g  t h e  back f a c e  
s h e e t  a t t a c h e d  by i n t e r l o c k i n g  th reads  and by t h e  p r e p r e g  bond t o  
t h e  a b l a t o r .  
f i b e r s  d i d  n o t  provide  t h e  necessary  re inforcement .  

Plasma-arc tests showed t h a t  t h e  ve r t i ca l  g l a s s  

Reduced Core Depth 

A pane l  w a s  made i n  which t h e  honeycomb c o r e  extended down 
from t h e  o u t e r  s u r f a c e  half-way through t h e  a b l a t i v e  pane l .  This  
sha l low co re  s t i l l  provided t h e  necessary  char  and pyro lys i s -zone  
r e in fo rcemen t ,  and made i t  cons iderably  easier t o  f i l l  t h e  pane l  
w i t h  a b l a t o r .  Plasma-arc tests i n d i c a t e d  t h a t  t h e r e  w a s  a s l i g h t  
improvement i n  thermal  e f f i c i e n c y ,  which w a s  a t t r i b u t e d  t o  t h e  re- 
duced c o n d u c t i v i t y  of t h e  core. However, t h e  c o r e  t e rmina ted  i n  
t h e  approximate r eg ion  of t h e  p y r o l y s i s  zone, which could p rov ide  
an u n d e s i r a b l e  stress concen t r a t ion  t h a t  could r e s u l t  i n  s p a l l a -  
t i o n  and l o s s  o f  t h e  char  l a y e r .  

HONEYCOMB LOADING INVESTIGATION 

During t h i s  t a s k ,  w e  i n v e s t i g a t e d  t h e  parameters  t h a t  a f f e c t  
t h e  l o a d i n g  o f  t h e  a b l a t i v e  material i n t o  honeycomb core.  We 
a l s o  s t u d i e d  v a r i o u s  l o a d i n g  methods, as w e l l  as t h e  e f f e c t  o f  
composi t ion changes t o  f a c i l i t a t e  l oad ing .  Th i s  t a s k  assumes 
t h a t ,  f o r  some reason ,  i t  is d e s i r a b l e  t o  r e t a i n  t h e  co re  f o r  
re inforcement  r a t h e r  t han  t o  use r e i n f o r c i n g  f i b e r s  o r  r ibbons .  
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Pas t  exper ience  h a s  demonstrated t h a t  t h e  most d i f f i c u l t  and 
time-consuming s i n g l e  ope ra t ion  i n  f a b r i c a t i n g  an a b l a t i v e  p a n e l  
i s  t h a t  o f  f i l l i n g  t h e  co re  w i t h  a b l a t o r .  
t r u e  when t h e  pane l  i s  t h i c k .  What happens i s  t h a t  t h e  f o r c e  ap- 
p l i ed  t o  t h e  a b l a t i v e  mix is  n o t  completely t r a n s m i t t e d  t o  t h e  
bottom o f  t h e  c o r e ,  bu t  is  t r a n s f e r r e d ,  through f r i c t i o n ,  down 
the c e l l  w a l l s .  
th ickness  of  t h e  pane l .  

This  is e s p e c i a l l y  

The r e s u l t  i s  a d e n s i t y  g r a d i e n t  throughout t h e  

A n a l y t i c a l  I n v e s t i g a t i o n  

To measure t h e  e f f e c t s  of  composition changes on t h e  ex t ruda-  
b i l i t y  of  t h e  a b l a t i v e  mixture ( f i g .  l o ) ,  w e  cons t ruc t ed  an ex- 
t r u s i o n  dev ice  from 5.08-cm (2-in.) p i p e ,  u s ing  a contoured plasma- 
a r c  nozz le  f o r  t h e  e x t r u s i o n  nozz le .  An 80/20 mixture  w a s  p laced  
i n  t h e  e x t r u d e r .  It w a s  necessa ry  t o  i n c r e a s e  t h e  e x t r u s i o n  pres-  
s u r e  t o  1 3  800 kN/m2 (2000 p s i )  i n  o r d e r  t o  produce an e x t r u s i o n .  
An examination of  t h e  e x t r u d a t e  r evea led  t h a t ,  as i t  emerged from 
the  nozz le ,  i t  expanded and i ts  d e n s i t y  decreased  t o  0.15 gm/cm3 
(9 .1  l b / f t 3 ) .  

Because w e  f e l t  t h a t  t h e  f o r c e  r e q u i r e d  t o  e x t r u d e  t h e  material 
was excess ive  and might p o s s i b l y  f r a c t u r e  t h e  microspheres ,  and 
because w e  a l s o  f e l t  t h a t  t h i s  technique  d i d  n o t  a c c u r a t e l y  simu- 
l a t e  t h e  movement of t h e  material i n t o  t h e  co re ,  t h e s e  experiments 
were d i scon t inued .  

- 

Figure  10. - E x t r u s i o n  Device 



M a t e r i a l  Springback I n v e s t i g a t i o n  

Res in ,  Pheno l i c  microspheres ,  Glass microspheres ,  
PbW PbW PbW 
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Springback occur s  when a compacted material r e l a x e s  t o  a lower 
d e n s i t y  when t h e  compacting p res su re  i s  removed. The spr ingback  
phenomenon noted  above was considered a problem because ,  i f  t h e  
p r e s s u r e  w a s  n o t  kept  on a pane l  a f t e r  i t  w a s  loaded ,  t h e  material 
would expand t o  a lower d e n s i t y .  To i n v e s t i g a t e  t h i s  problem w e  
cons t ruc t ed  a 5.08-cm (2-in.  ) diameter  compression mold and 
p laced  an 80/20 mixture  wi th  a n  i n i t i a l  b u l k  d e n s i t y  of 0.11 gm/cm3 
(6.9 l b / f t 3 )  i n t o  t h e  mold. 
and t h e  u n i t  w a s  p laced  i n  a p r e s s .  The material w a s  t hen  com- 
p res sed  t o  a d e n s i t y  o f  0 .22  gm/cm3 (14 l b / f t 3 ) ,  as determined by 
p i s t o n  t r a v e l .  After t h e  p re s su re  w a s  r e l e a s e d ,  t h e  movement o f  
t h e  p i s t o n  w a s  measured. Our c a l c u l a t i o n s  r evea led  t h a t  t h e  mix- 
t u r e  sprung back 1 9 % ,  t o  a d e n s i t y  of  0 .18 gm/cm3 (11.3 l b / f t 3 ) .  

The mold's t o p  punch w a s  p o s i t i o n e d  

We concluded t h a t  t h i s  h igh  a sp r ingback  must b e  caused by t h e  
compression o f  a gas ,  r a t h e r  than  a s o l i d .  Because t h e  volume o f  
en t rapped  a i r  should  b e  very  minute and almost  e n t i r e l y  evacuated  
under  vacuum, t h e  only  gas a v a i l a b l e  is t h a t  i n  t h e  microspheres .  
Consequently , t h e  microspheres  m u s t  compress under p r e s s u r e  , and 
t h e n  expand back t o  t h e i r  o r i g i n a l  shape  when t h e  p r e s s u r e  is  re- 
l e a s e d .  We b e l i e v e  t h a t  t h e s e  microspheres  e s s e n t i a l l y  a c t  l i k e  
a roomful o f  rubber  ba l loons :  when p r e s s u r e  i s  a p p l i e d ,  t hey  de- 
form and i n t e r l o c k  with eich o t h e r .  This  makes t h e  m a t e r i a l  act  
l i k e  a s o l i d  r a t h e r  t han  a l i q u i d .  Thus, t h e  f o r c e  app l i ed  t o  
t h e  top  o f  t h e  pane l  no l o n g e r  e x e r t s  a h y d r a u l i c  p r e s s u r e ,  bu t  
t r a n s f e r s  i t s e l f  by f r i c t i o n  i n t o  t h e  c e l l  w a l l .  A s  a r e s u l t ,  
t h e  material  c l o s e r  t o  t h e  bottom does n o t  expe r i ence  compressive 
f o r c e s .  
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I n  another  t e s t ,  designed t o  measure t h e  amount of r e s i d u a l  
spr ingback ,  a 25.4x25.4-cm (10x10-in. ) pane l  w a s  made by l o a d i n g  
t h e  80/20 a b l a t i v e  composi t ion i n t o  convent iona l  honeycomb core .  
The panel  w a s  t h e n  v ibra t ion- impacted  t o  a t h i c k n e s s  o f  5 .7  cm 
(2.25 i n . ) .  A d i a l  gauge w a s  p laced  ove r  t h e  pane l  t o  r ead  t h e  
amount of  sp r ingback  t h a t  occu r red  when t h e  vacuum p r e s s u r e  w a s  
r e l e a s e d  and r e a p p l i e d .  The fo l lowing  d a t a  were ob ta ined .  

Relative change 
of t h i c k n e s s ,  % 

0 Impacted t o  0.22 gm/cm (14  l b / f t 3 )  

Vacuum r e l e a s e d  a t  end of 300 s e c  
(5 minute)  

19  

Vacuum r e a p p l i e d  7 . 1  

Vacuum r e l e a s e d  15 .5  

Vacuum r e a p p l i e d  6.7 

Resin Cure I n h i b i t i o n  

During ou r  e f f o r t s  t o  e s t a b l i s h  t h e  sp r ingback  o f  material  
con ta in ing  g l a s s  microspheres  , w e  encountered  a n o t h e r  problem. 
An examinat ion o f  t h e  p a n e l s  t h a t  had been cured r evea led  t h a t  
the  pane l s  c o n t a i n i n g  100% and 75% g l a s s  microspheres  d i d  n o t  
cure .  A f t e r  checking w i t h  3M, w e  l e a r n e d  t h a t  t h e i r  microspheres  
contained s u l f u r .  To remove t h e  s u l f u r ,  a new b a t c h  of micro- 
spheres  was washed w i t h  MEK. The broken sphe res  were al lowed t o  
s e t t l e ,  and were then  vacuum-dried i n  a V-blender. This  t i m e  t h e  
a l l - g l a s s  microsphere f i l l e r  composi t ion cured.  

I - G  101  g l a s s  mic rosphe res ,  an  e q u i v a l e n t  product  from Emer-  
son & Cuming, I n c . ,  w e r e  checked f o r  c o m p a t i b i l i t y  w i t h  t h e  s i l i -  
cone r e s i n .  They were found t o  b e  compat ib le ,  and w e r e  used dur- 
i n g  t h e  remainder  of  t h e  program. 

V i b r a t i o n  Loading 

I n  ano the r  phase o f  t h e  s t u d y ,  w e  conducted a series o f  tests 
us ing  a magnet ic  shake  t a b l e  ( f i g .  11 )  t o  de te rmine  i f  v i b r a t i o n  
would a s s i s t  i n  moving t h e  a b l a t i v e  materi-al. i n t o  t h e  honeycomb 
core w h i l e  under vacuum p r e s s u r e .  
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- 
Pane 1 

No. 

1 

2 

3 

2 

2 

2 

2 - 

1 0  g ,  36 t o  500 Hz 

20 g ,  36 t o  2000 Hz 

20 g, 36 t o  2000 Hz 

Figure 11. - Vibra t ion  Loading F i x t u r e  

TABLE 14. - VIBRATION TEST RESULTS 

610 

610 

305 

Amplitude 

20 g ,  230 H z ,  1 min 

20 g ,  326 H z ,  3 min 

20 g ,  560 H z ,  3 min 

0.25 cm (0 .1  i n . ) ,  
5 t o  36 Hz 

0.76 cm (0.3 i n . ) ,  
5 t o  36 Hz 

0.76 c m  (0.3 i n . ) ,  
20 t o  36 Hz 
R e s  onan ce f r eq  uen c: 
Audible resonance 

0 

0 

0 

Vacuum , i m H R  
g l eve l  Resul t  

No e f f e c t  

No e f f e c t  

No e f f e c t  

lund a t  230, 326, 560, and 2000 Hz 

No e f f e c t  

No e f f e c t  

No e f f e c t  
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The aluminum b a s e  of  t h e  test p a n e l  w a s  b o l t e d  t o  an a d a p t e r  
p l a t e ,  and t h e  t a b l e  w a s  o s c i l l a t e d  i n  t h e  v e r t i c a l  d i r e c t i o n ,  
p a r a l l e l  t o  t h e  honeycomb ce l l s .  
sine-wave mode. Two acce le romete r s  w e r e  a t t a c h e d  t o  t h e  a d a p t e r  
p l a t e  t o  monitor  and c o n t r o l  g-loading. 

The shake r  w a s  ene rg ized  i n  a 

A s t r o b e  l i g h t  w a s  connected t o  t h e  s i g n a l  g e n e r a t o r  s o  i t  
would remain synchronized wi th  t h e  t a b l e  a t  a l l  f r equenc ie s .  

The pane l s  used i n  t h e  v i b r a t i o n  load ing  s tudy  were c o n s t r u c t e d  
as fol lows.  

Honeycomb - 15.2x15.2x5.1-cm (6x6x2-in.) pheno l i c -g l a s s  honey- 
comb wi th  0.95-cm (3 /8- in . )  c e l l s  

Bond coa t  - Dip c o a t  of  Monsanto SC1008 p h e n o l i c  bonding.  com- 
pound, s t aged  f o r  5 .4  x l o 3  sec  (1.5 h r )  a t  340°K (150°F) 

Base p l a t e  - 30 .5~30 .5~1 .26-cm (12x12x1/2-in.) aluminum b a s e  
p l a t e ,  d r i l l e d  t o  match t h e  shake  t a b l e  a d a p t e r  

Loading frame - Wood frame, 5.08-cm (2- in . )  deep, a t t a c h e d  t o  
t h e  base  p l a t e  w i th  wood screws 

Abla t ive  f i l l e r  - 80% p h e n o l i c  microspheres ,  20% Sylgard  182 

The method of c o n t r o l l i n g  t h e  v i b r a t i o n  t a b l e  w a s  t o  use  an 
amplitude mode f o r  f r equenc ie s  up t o  36 Hz and a g- loading mode f o r  
f requencies  above 36 Hz. 

A s  shown i n  t a b l e  1 4 ,  t h e  v i b r a t i o n  d i d  n o t  assist i n  moving 
the  a b l a t i v e  material i n t o  t h e  c o r e .  

Impact Loading 

Next,  a series of  impact l o a d i n g  tests were conducted t o  d e t e r -  
mine whether  they  f a c i l i t a t e d  c o r e  load ing .  The purpose o f  impact 
l oad ing  i s  t o  f o r c e  t h e  honeycomb up w h i l e  overcoming t h e  res is t ive 
i n e r t i a  o f  t h e  a b l a t i v e  f i l l e r .  A gas-operated high-g t a b l e  ( f i g .  
12)  w a s  used f o r  t e s t i n g .  Th i s  d e v i c e  w a s  programmed t o  g ive  al- 
t e r n a t e  5-msec h igh -acce le ra t  i on  p u l s e s  and 15-msec s low-decelera-  
t i o n  p u l s e s .  An acce le romete r  a t t a c h e d  t o  t h e  t a b l e  w a s  used t o  
monitor a c c e l e r a t i o n ,  and a s t o r a g e  o s c i l l o s c o p e  w a s  used t o  re- 
cord load  t i m e  curves .  
t a b l e  s o  t h e  l o a d  would be  p a r a l l e l  t o  t h e  ce l l s .  

The tes t  p a n e l  w a s  b o l t e d  t o  t h e  high-g 
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Figure 1 2 .  - Impact Loading Device 

One p a n e l  w a s  impacted f i v e  times. A vacuum of 610 mxii o f  
-7  - - - -  -..1 1 ng w a a  p u l l e d  p r h r  t o  each Fmpact; t h e  va lve  w a s  then  c losed  and 
t h e  vacuum hose w a s  disconnected before  making t h e  test. 
s e p a r a t e  tests were conducted: one a t  an impact load  of 75 g ,  one 
a t  7 7  g ,  and t h r e e  a t  88 g. 

Five 

No measurable s e t t l i n g  w a s  observed dur ing  t h e s e  tests. It 
w a s  f e l t  t h a t  t h i s  technique would be e f f e c t i v e  i f  a much h i g h e r  
g-loading could be produced. 

Since r i v e t  guns have been s u c c e s s f u l l y  used f o r  l o a d i n g  p a n e l s ,  
w e  wanted t o  f i n d  ou t  i f  t h e  movement they  produced w a s  due t o  i m -  
p a c t  o r  v i b r a t i o n .  Tests were run to determine t h e  waveform and t o  
see i f  i t  could be  d u p l i c a t e d  on a l a r g e  s c a l e .  The tes t  w a s  se t  
up w i t h  an a b l a t i v e  panel  b o l t e d  t o  t h e  shake-table  a d a p t e r  p l a t e ,  
which w a s  shock-mounted on polyurethane foam. 

Using t h e  r i v e t  gun on t h e  a b l a t i v e  head produced a 5-g load  
on t h e  a d a p t e r  p l a t e .  I n  c o n t r a s t ,  a d i r e c t  impact on t h e  p l a t e  
gave a r e a d i n g  o f  50 g. The impact d u r a t i o n  was 60 msec. 

33 



The r ive t  gun produces t h e  t y p e  o f  l o a d i n g  w e  are look ing  f o r :  
a h igh  impact--in one d i r e c t i o n  only--for a r e l a t i v e l y  l o n g  d u r a t i o n .  
These p u l s e s  occur  about 30 t i m e s  p e r  sec. 

C e n t r i f u g a l  Force Loading 

We f e l t  t h a t ,  i f  a body f o r c e  could be  a p p l i e d  t o  t h e  a b l a t i v e  
material through c e n t r i f u g a l  means, t h e  microsphere i n t e r l o c k i n g  
could be  overcome and t h e  material would move down i n t o  t h e  honey- 
comb co re .  Th i s  c e n t r i f u g a l  f o r c e  would t h e n  more c l o s e l y  repre-  
s e n t  a h y d r a u l i c  p r e s s u r e  f o r c e ,  and would g ive  a more uniformly 
dense pane l  because t h e  material a t  t h e  bot tom o f  t h e  ce l l s  would 
a l s o  expe r i ence  t h e  same compacting p r e s s u r e .  

t 

In a d d i t i o n ,  w e  wanted t o  know whether  t o  apply vacuum pres-  
s u r e  on t h e  p a n e l  w h i l e  u s i n g  t h e  c e n t r i f u g a l  l o a d i n g ,  o r  whether  
t o  remove t h e  vacuum p r e s s u r e  t o  p reven t  i n t e r l o c k i n g  o f  t h e  micro- 
spheres .  

Because t h e r e  are s e v e r a l  l a r g e  c e n t r i f u g e s  a v a i l a b l e  through- 
out  t h e  coun t ry ,  300-g l e v e l s  cou ld  probably be ach ieved  econom- 
i c a l l y  on l a r g e  pane l s .  T h e r e f o r e ,  ou r  tests were l i m i t e d  t o  
300- g l e v e l s .  

S i x  p a n e l s ,  each 1 5 . 2 ~ 1 5 . 2 ~ 5 . 0 8 - c m  (6x6x2-in.) ,  were f a b r i -  
cated by u s i n g  c e n t r i f u g a l  f o r c e  t o  load  S S - 4 1  material i n t o  9-mm 
(3/8-in. ) core .  After b e i n g  f i l l e d ,  t h e  vacuum-bagged p a n e l s  were 
evacuated t o  f u l l  vacuum and p l aced  i n  t h e  c e n t r i f u g e ,  and t h e  
c e n t r i f u g e  w a s  brought  up t o  t h e  d e s i r e d  g l e v e l  w h i l e  s t i l l  under  
vacuum p r e s s u r e .  For p a n e l s  1, 3 ,  and 6 ,  t h e  vacuum w a s  a p p l i e d  
during t h e  e n t i r e  tes t .  

A f t e r  p a n e l s  2 ,  4 ,  and 5 had reached t h e  d e s i r e d  g l e v e l ,  t h e  
vacuum p r e s s u r e  w a s  r e l e a s e d .  The vacuum p r e s s u r e  w a s  r e a p p l i e d  
on p a n e l s  2 and 4 j u s t  b e f o r e  s l o w i n g  down t h e  c e n t r i f u g e ,  s o  as 
t o  ho ld  t h e  material i n  t h e  c o r e ;  vacuum w a s  r e a p p l i e d  t o  p a n e l  
5 s i x t y  seconds b e f o r e  t h e  c e n t r i f u g e  w a s  slowed down. A l l  p a n e l s  
were kept  under f u l l  vacuum p r e s s u r e  u n t i l  they cured. 
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Table  15  g ives  t h e  test  cond i t ions  and t h e  r e s u l t a n t  d e n s i t i e s .  

TABLE 15. - CENTRIFUGAL LOADING RESULTS 

Dens i ty  
~ Vacuum t i m e  

gm/cm3 l b / f t 3  a p p l i e d ,  sec Pane l  no. g level 

1 175 0.222 13.9 150 

2 175 0.228 14.2 -- 
3 300 0.218 13.6 150 

4 
5 300 0 .221  13 .8  60 

6 300 0.219 13.7 300 

300 0.219 13 .7  -- 

T o t a l  
t i m e ,  sec 

150 

150 

150 

150 

300 

300 

A l l  of t h e  c e n t r i f u g a l l y - l o a d e d  panels  were completely f i l l e d .  
Even though t h e  f i l l e r  material compacted s l i g h t l y  d u r i n g  t h e  cen- 
t r i f u g a l  l oad ing ,  t h e  r e s u l t a n t  d e n s i t i e s  were s t i l l  cons idered  
low. There w a s  no apparent  e f f e c t  from va ry ing  t h e  g level  o r  
from app ly ing  vacuum d u r i n g  t h e  run  o r  no t .  

C e n t r i f u g a l  p a n e l  
dens i ty  

To de termine  whether  t h e  l o a d i n g  method a f f e c t e d  t h e  u n i f o r -  
mity o f  t h e  a b l a t o r  t h a t  had been loaded i n t o  t h e  c o r e ,  w e  con- 
ducted ano the r  test t o  compare one impact-loaded pane l  w i t h  one 
c e n t r i f u g a l l y - l o a d e d  panel .  Both pane l s  were filled with SS-41 
a b l a t o r  and cured f o r  1 6  h r  a t  394°K (250'F). The c e n t r i f u g a l l y  
loaded  pane l  was cured under vacuum a t  sea l e v e l  i n  Orlando,  F lor -  
i d a ,  and t h e  r i v e t  gun-loaded p a n e l  w a s  cured a t  Denver, Colorado,  
which h a s  a nominal ba romet r i c  p r e s s u r e  o f  81 kN/m' (24 i n .  o f  Hg). 
Each o r i g i n a l  5.08-cm (2- in . )  t h i c k  pane l  w a s  c u t  i n t o  f o u r  12.7- 
c m  (1/2- in .  ) t h i c k  s e c t i o n s ,  and each s e c t i o n  w a s  weighed sepa r -  
a t e l y .  Both pane l s  were found t o  be uniformly loaded ,  b u t  t h e  
c e n t r i f u g a l l y  loaded  pane l  had a lower o v e r a l l  d e n s i t y  (see t a b l e  
1 6 ) .  

Rivet gun p a n e l  
d e n s i t y  

l b / f t 3  

1 3 . 7 4  

14.90 

13.85 

13.54 

gm/cm3 l b / f t 3  

0 ,252  15.7 

0.225 14.04 

0.225 14.04 

0.233 14.54 

Top s u r f a c e  l a y e r  

Second l a y e r  

Next l a y e r  

Bottom l a y e r  
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Hy d r os  t a t  i c Lo ad i n g 

Vacuum bagging ,  i s o s t a t i c  compaction, and p r e s s u r e  compaction 
are a l l  h y d r o s t a t i c  l oad ing  methods. 
s e n t i a l l y  uses  a u n i d i r e c t i o n a l  e x t e r n a l  f o r c e  t o  push t h e  a b l a t i v e  
mixture  i n t o  t h e  ce l l s  o f  t h e  honeycomb core .  S ince  vacuum bag- 
g ing  is  t h e  s i m p l e s t  method, w e  r an  a test t o  de te rmine  i f  t h e  
p a n e l s  could be  f i l l e d  u s i n g  vacuum p r e s s u r e  only  by merely in-  
c r e a s i n g  t h e  r e s i n  con ten t .  

Each of  t h e s e  methods es- 

1 

Six  5.08-cm (2- in . )  t h i c k  s e c t i o n s  o f  9-mm (3 /8- in . )  c e l l  s i z e  
honeycomb core  were p laced  i n  l o a d i n g  frames and f i l l e d  wi th  d i f -  
f e r e n t  a b l a t i v e  composi t ions.  The p r o p o r t i o n s  (by we igh t )  of pheno- 
l i c  microspheres  t o  s i l i c o n e  r e s i n ,  were 90/10,  80/20, 70/30, 6 0 / 4 0 ,  
50/50 ,  and 33/67, r e s p e c t i v e l y .  The mixtures  were f i r s t  hand- 
p re s sed  i n t o  t h e  co re ,  excess  material w a s  t hen  p laced  on t o p ,  
and t h e  pane l s  were vacuum bagged. 

We w e r e  unable  t o  comple te ly  f i l l  t h e  c o r e  us ing  vacuum pres-  
s u r e  only.  
powder t o  s i l i c o n e  a b l a t i v e  composi t ions  tended t o  make t h e  mix- 
t u r e  more workable.  Thus, t o  make load ing  t h e  c o r e  even easier ,  
w e  a l s o  s u b s t i t u t e d  s i l i c a  microspheres ,  which have a h i g h e r  modu- 
l u s  of e l a s t i c i t y ,  f o r  p a r t  of t h e  p h e n o l i c  microspheres .  

However, w e  had p r e v i o u s l y  no ted  t h a t  adding carbon 

Two new composi t ions were prepared .  

Resin (GE 655) ,  pbw 

Pheno l i c  microspheres ,  

S i l i c a  microspheres ,  pbw 

Carbon powder, pbw 

PbW 

Mixture  1 Mixture  2 

25 25 

37 37 

37 
-- 

37 

9 

We found t h a t  t h e  second mixture  cou ld  b e  loaded by us ing  vacuum- 
bagging p r e s s u r e  f i r s t ,  and t h e n  r o l l i n g  a r o l l e r  ove r  t h e  s u r -  
face. However, t h e  f i r s t  mix tu re  would n o t  f i l l  t h e  c o r e  u n l e s s  
i t  was impacted. When t h e  two mix tu res  w e r e  t e s t e d  i n  t h e  plasma- 
a r c ,  they bo th  produced a s t a b l e  c h a r ,  b u t  had lower thermal  e f -  
f i c i e n c i e s  than  S S - 4 1  materials. 

Next,  w e  i n v e s t i g a t e d  t h e  e f f e c t  o f  adding  10% carbon powder 
t o  t h e  80/20 and SS-41 composi t ions .  Both m a t e r i a l s  could  now be  
r o l l e d  down, even though a g r e a t  amount o f  p r e s s u r e  w a s  r e q u i r e d .  
The carbon powder had less e f f e c t  on ease of l oad ing  than  i n  t h e  
prev ious  composi t ion.  
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Hydraul ic  p r e s s u r e  and i s o s t a t i c  l oad ing  methods were a l s o  
i n v e s t i g a t e d .  Both methods proved s a t i s f a c t o r y  once t h e  b a s e l i n e  
composi t ion was switched from t h e  80/20 mix tu re  t o  t h e  S S - 4 1 .  How- 
e v e r ,  t h e  i s o s t a t i c  method (au toc lave  wi thou t  h e a t )  i s  p r e f e r r e d  
because t h e  material  i s  h e l d  i n  p l a c e  through vacuum-bagging p res -  
s u r e  a f t e r  be ing  compacted, which e l i m i n a t e s  t h e  spr ingback  prob- 
l e m .  I n  u s i n g  t h e  h y d r a u l i c  p r e s s u r e  method, w e  found i t  necessa ry  
t o  recompact t h e  m a t e r i a l  with a r ive t  gun a f t e r  vacuum bagging 
t h e  pane l  i n  o r d e r  t o  b r i n g  the  pane l  t o  t h e  d e s i r e d  d e n s i t y .  

A t  t h i s  t i m e ,  w e  b e l i e v e  t h a t  i t  i s  necessa ry  t o  impact t h e  
material i n t o  t h e  co re  t o  give a uniform d e n s i t y  g r a d i e n t  from 
f r o n t  t o  back. However, t h e  p r e s e n t  method of moving a r i v e t  gun 
head over  t h e  s u r f a c e  i s  not  d e s i r a b l e  f o r  a product ion-type oper- 
a t i o n  s i n c e  i t  depends t o o  much on t h e  i n d i v i d u a l  o p e r a t o r  f o r  con- 
t r o l .  

I n  comparison t h e  i s o s t a t i c  method of p r e s s i n g  t h e  material 
i n t o  t h e  c o r e  i s  t h e  qu ickes t  and cheapes t  f a b r i c a t i o n  method 
however, i t  produces a h igh  d e n s i t y  v a r i a t i o n  through t h e  th i ck -  
nes s .  From a t h e o r e t i c a l  s t andpo in t  i t  appea r s  t o  be d e s i r a b l e  
t o  have a h i g h  d e n s i t y  a t  t h e  f r o n t  of t h e  pane l  and dec reas ing  
d e n s i t y  t o  t h e  backs ide  such as t h a t  produced by t h i s  method. On 
t h i s  b a s i s  t h e  i s o s t a t i c - p r e s s u r e  load ing  method would be recom- 
mended s i n c e  i t  i s  cheaper  and appears  t o  be the rma l ly  more e f f i -  
c i e n t .  H~'w'2ver t h i s  i s  cont ingent  on t h e  a b i l i t y  t o  produce ac- 
c e p t a b l e  d e n s i t y  g r a d i e n t s  f o r  v a r i o u s  t h i c k n e s s  requi rements  and 
t h e  a b i l i t y  of t h i s  method t o  re-produce t h e s e  d e n s i t y  g r a d i e n t s .  
To-date t h e  accepted  approach has  been t o  pursue  procedures  which 
produce t h e  most uniform dens i ty  pane l s .  
q u a l i t y  c o n t r o l ,  t h e  des ign ,  and a l lows  machining t o  d e s i r e d  con- 
t o u r s .  I n  l i n e  w i t h  t h i s  approach,  which r e q u i r e s  t h e  most uni-  
form p a n e l s ,  we recommend t h e  impact ing load ing  method. 

Th i s  s i m p l i f i e s  t h e  



PLASMA ARC TESTING 

A series of s c r e e n i n g  tests were conducted i n  t h e  plasma a r c  
t o  the rma l ly  e v a l u a t e  metnods f o r  r e p l a c i n g  t h e  honeycomb core 
and t o  de te rmine  the e f f ec t  of compos i t iona l  v a r i a t i o n s  on char 
r e s i d u e  and i n t e g r i t y .  Twenty-six specimens,  each 12 .7  c m  (5 i n . )  
i n  d iameter  and 5 .08  c m  (2 i n . )  t h i c k ,  were t e s t e d  w i t n  t n e i r  s u r -  
face normal t o  t n e  f low ( s p l a s n  t e s t ) .  Two thermocouples were 
i n s t a l l e d  on each specimen. These were nominal ly  l o c a t e d  1 .27  and 
2.54 c m  (0.5 and 1.0 i n . ) ,  r e s p e c t i v e l y ,  from t h e  hea ted  s u r f a c e .  
Each specimen w a s  bonded (wi thou t  f a c e  s h e e t s  o r  s imula t ed  s t r u c -  
t u r e )  t o  an  uncooled n o n a b l a t i n g  base  t h a t  w a s  t nen  mounted to 
an  arm mechanism f o r  i n s e r t i o n  i n t o  t h e  a rc  j e t .  The specimens 
were t e s t e d  i n  s imula t ed  a i r  a t  t h e  nominal t es t  c o n d i t i o n s  L i s t e d  
below. 

d 

Test c o n d i t i o n  1 

Heat ing  ra te ,  B t u / f t 2 - s e c  12 
biw /mZ 0.14 

Heat ing  t i m e ,  sec 2000 

S t e a m  e n t h a l p y ,  B t u / l b  3000 
MJ/kg 6.9 

S tagna t ion  p r e s s u r e ,  a t m  0.005 
N /m2 50.6 

I n i t i a l  t empera ture  of  80 
a b l a t o r ,  O F  

I n i t i a l  t empera ture  of 300 
a b l a t o r ,  O K  

T e s t  c o n d i t i o n  2 

25 
0 .28  

1000 

3800 
8.7 

0.005 
50 - 6  

80 

30 0 

The r e s u l t s  of  t h e  s c r e e n i n g  test  were e v a l u a t e d  by examining 
the  char red  specimens ( s u r f a c e  and c ross - sec t ion )  and by comput- 
ing  t h e  i n s u l a t i o n  e f f i c i e n c y  f o r  each  specimen. The i n s u l a t i o n  
e f f i c i e n c y  i s  g iven  by 
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where 

= cold-wall  h e a t  f l u x ,  MW/m2 o r  B t u / f t 2 - s e c ,  
CW 

t = h e a t i n g  t i m e ,  sec ,  

p = d e n s i t y  o f  uncharred material, kg/m3 o r  l b / f t 3 ,  

AL, = d i s t a n c e  from hea ted  s u r f a c e  t o  t h e  422% (300'F) 
i so the rm,  cm o r  i n . ,  

and i s  d e f i n e d  as t h e  t o t a l  h e a t  a p p l i e d  t o  t h e  s u r f a c e  u n i t  area 
d i v i d e d  by t h e  mass u n i t  area t r a v e r s e d  by t h e  422°K (300°F) i s o -  
therm. The e f f i c i e n c y  w a s  determined f o r  each specimen a f t e r  500 
sec of h e a t i n g  by c ross -p lo t  t i n g  t h e  thermocouple d i s t a n c e  v e r s u s  
t i m e  r e q u i r e d  f o r  each  thermocouple t o  reach  422°K (300°F). Then 
t h e  v a l u e  of ALt 

by r ead ing  t h e  d is tance- t ime curve  a t  500 seconds ,  and E w a s  
c a l c u l a t e d .  

t o  b e  used i n  t h e  above equa t ion  w a s  determined 

i 

The r e s u l t s  o f  t h e s e  tempera ture  c a l c u l a t i o n s  are p resen ted  i n  
t a b l e  1 7  and i n  f i g u r e s  13 and 1 4 .  
s e n t e d  i n  f i g u r e s  15 through 4 0 ,  along w i t h  photographs of t h e  
~ e a ~ e d  specimens. 
The fo l lowing  d i s c u s s i o n  d e s c r i b e s  the r a t i n g  systein used to h e l p  
i n t e r p r e t  t h e s e  r e s u l t s .  

Visua l  o b s e r v a t i o n s  are pre-  

These v i s u a l  d a t a  are summarized i n  t a b l e  18. & - "  + 
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Char S u r f a c e  

Toughness.- Hard s u r f a c e  c r u s t  f i r m l y  bonded t o  c o r e ,  d e s p i t e  
shr inkage c r a c k s  a t  ce l l  w a l l s  (one s i d e  o n l y ) .  

Color.  - Dul l  reddish-brown, 

General Comments.- Sur face  c r u s t  b l i s t e r e d  around edges of 
specimen, and w a s  uniformly coa ted  w i t h  a w h i t i s h  ( s i l i c a )  de- 
p o s i t .  Black d e p o s i t s  a l s o  p r e s e n t ,  and c o n c e n t r a t e d  around c o r e .  

Cross-Sect ional  V i e w  

Char I n t e g r i t y .  Very low s t r e n g t h ,  w i t h  v o i d s  and c r a c k s  
throughout. 

Char Shrinkage.-  Char p u l l e d  away from s u r f a c e  c r u s t  and c o r e .  

P y r o l y s i s  Zone and V i r g i n  I n t e r f a c e . -  Some h o r i z o n t a l  crack-  
ing,  b u t  i n t e r f a c e  g e n e r a l l y  appears  s a t i s f a c t o r y .  

General  Comments,- Char has  low p o r o s i t y ,  b u t  i s  r a t e d  poor 
because i t  crumbled i n  many ce l l s  and p u l l e d  l o o s e  from s u r f a c e  
crust . 

Figure 15.- SS-41 i n  Core,  Specimen 6-1 
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I Char Surface 

Toughness.- Hard s u r f a c e  c r u s t  f i rmly  bonded t o  c o r e ,  a l though 
sh r inkage  c racks  appear  around each c e l l  (one s i d e  on ly ) .  

Color.- White over  a reddish-brown background. 

General Comments.- Whitish-blue d e p o s i t s  i n  ev idence  around 
core .  On one s i d e  of specimen, core w a s  s h o r t  of s u r f a c e ,  which 
caused "mud" cracking  of char .  H i g h  concen t r a t ions  of blowing 
noted .  

Cross-Sectional V i e w  

Char I n t e g r i t y . -  P o r o s i t y  uniiorin arid k v ,  but  char w a s  com- 
p l e t e l y  disbonded, cracked,  and f e l l  o u t  of many ce l l s  upon sec- 
t i o n i n g ,  

Char Shrinkage.-  Shrinkage apparent  i n  both  char  and p y r o l y s i s  
zones along c e l l  w a l l s .  Char pul led  away from s u r f a c e  c r u s t ,  
l e a v i n g  a void  space .  

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  Normal p y r o l y s i s  zone 
and v i r g i n  i n t e r f a c e .  

General  Comments.- Very poor char i n t e g r i t y .  

F igure  16.-  S S - 4 1  i n  Core, Specimen 6-2 

45 



Char Surface  

Toughness.- Hard s u r f a c e ,  w i t h  ve ry  l i t t l e  o v e r a l l  shr inkage .  

Color.  - Reddish-brown. 

General  Comments.- Shrinkage c racks  developed on both  s i d e s  
of co re  r ibbon and l e f t  a hard c h a r  d e p o s i t  on r ibbon i t s e l f .  

Cross-Sect ional  V i e w  

Char I n t e g r i t y . -  Very poor c h a r ,  cracked throughout .  

Char Shrinkage.-  Char f r a c t u r e d  i n  a l l  d i r e c t i o n s ,  b u t  pre-  
dominantly normal to s u r f a c e .  

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  P y r o l y s i s  zone n o t  as 
badly cracked as cha r .  
o f  co re ,  and appears  normal. 

I n t e r f a c e  happened t o  co inc ide  w i t h  depth  

General Comments.- Char looks  e s s e n t i a l l y  same as w i t h  f u l l -  
depth core .  
i n t e r f a c e .  

S t r a i n  mismatch d i d  n o t  n o t i c e a b l y  a f f e c t  v i r g i n  

F igure  1 7 . -  S S - 4 1  i n  Par t ia l -Depth  Core,  Specimen 16-1 
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Char Surface 

Toughness.- Hard s u r f a c e ,  w i t h  very l i t t l e  o v e r a l l  sh r inkage ,  

Color.- Nontypical  gray , ~ i t h  hlHFsh t i n t  and reddish-brown 
background. 

General  Comments.- Sur face  i s  c rus ty  looking ,  b u t  h a r d ,  

Cross- Sec t iona l  V i e w  

Char I n t e g r i t y ~ . -  Weak cha r ,  al though no t  as badly  cracked as 
a t  h i g h e r  h e a t i n g  rate. 

Char Shrinkage.-  Typica l  shr inkage ,  w i th  void  below s u r f a c e  
and bonding f a i l u r e  a long  both  s i d e s  of core .  

P y r o l y s i s  Zone and Virg in  In t e r f ace . -  No c rack ing ,  b u t  weak 
v i r g i n  i n t e r f a c e .  

General  Comments.- Weakness a t  v i r g i n  i n t e r f a c e  may have been 
aggrava ted  by co re  d i s c o n t i n u i t y .  

F igure  18.- SS-41 i n  Par t ia l -Depth  Core, Specimen 16-2 
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Char Surface  

Toughness.- Hard s u r f a c e  c r u s t  w i th  t y p i c a l  sh r inkage  c racks  
a t  co re  r ibbons .  

Color.-  Very uniform l i g h t  reddish-brown, 

General Comments.- Sur face  appears  f a i r l y  normal,  and shows 
only very  minor c racking .  

Cross-Sec t iona l  V i e w  

Char I n t e g r i t y . -  Rated low because of e x t e n s i v e  cha r  c rack ing  
and disbonding from core ,  which r e s u l t e d  i n  some c h a r  l o s s  upon 
sec t ion ing .  

Char Shrinkage.-  Large s h r i n k a g e ,  void below s u r f a c e  c h a r ,  
and disbonding from core .  

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  Only v i s i b l e  means of  
char suppor t  i s  through p y r o l y s i s  zone and v i r g i n  i n t e r f a c e ,  and 
char i s ,  t h e r e f o r e ,  r a t e d  only  as f a i r .  

General  Comments.- La rge r -ce l l ed  co re  has  n o t  s i g n i f i c a n t l y  
a f f e c t e d  char  s t a b i l i t y .  Apparent c r a c k s  i n  v i r g i n  material of 
center c e l l  a c t u a l l y  r e s u l t e d  from c u t t i n g  through thermocouple 
wires .  

F igure  19 . -  SS-41 i n  Large Core, Specimen 31-1 
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Char Surface 

Toughness.- Hard s u r f a c e ,  very t h i n  and weak wi th  t y p i c a l  
sh r inkage  c racks  a t  co re  ribboils . 

Color.  - Wine-colored, w i th  whi te ,  yellow-green , and b i u i s h  
d e p o s i t s .  

General  Comments.- Char slumping l e f t  dimpled su r face .  

Cross-Sectional V i e w  

Char I n t e g r i t y . -  k i t e d  low due tc! char c rack ing ,  subsur face  
v o i d s ,  and disbonding.  

Char Shrinkage.-  Char cha rac t e r i zed  by l a r g e  shr inkage ,  vo ids  
below s u r f a c e  cha r ,  and disbonding from core .  

P y r o l y s i s  Zone and Virg in  1n te r f ace . -  P y r o l y s i s  zone appears  
f a i r l y  s t r o n g  and i s  only v i s i b l e  means of suppor t  f o r  cha r ,  

General  Comments - Char zone appears i d e n t i c a l  t o  char  formed 
a t  t h e  h i g h e r  h e a t i n g  rate ( f i g .  19) and f o r  smaller core  ( f i g .  15). 

F igure  20.- S S - 4 1  i n  Large Core, Specimen 31-2 
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Char Surface  

Toughness.- Hard char  s u r f a c e ,  w i th  some c racks  running normal 
t o  ribbons.  

Color.- Dul l  uniform reddish-brown s u r f a c e ,  

General Comments.- Carbonaceous d e p o s i t i o n  a long  r ibbons .  

Cross-Sect ional  V i e w  

Char I n t e g r i t y . -  Rated poor due t o  bond f a i l u r e  a t  c o r e ,  some 
char  l o s s  on s e c t i o n i n g ,  and many v e r t i c a l  sh r inkage  c racks  run- 
n i n g  through char  and p y r o l y s i s  zone. 

Char Shrinkage.-  Char and pyro lys i s -zone  sh r inkage  have pu l l ed  
a p a r t  char  l a y e r  j u s t  below s u r f a c e ,  l e a v i n g  a l a r g e  subsu r face  
void.  

Py ro lys i s  Zone and Virg in  I n t e r f a c e . -  P y r o l y s i s  zone i s  badly  
cracked, bu t  e x h i b i t s  t y p i c a l  s t r e n g t h  f o r  t h i s  composi t ion.  N o  
h o r i z o n t a l  c racks  a t  v i r g i n  i n t e r f a c e .  

General Comments.- Char formed i n t e g r a l l y  i n  r ibbon d i r e c t i o n ;  
t h i s  l a t e r a l  r e s t r a i n t  p revented  major cha r  l o s s  from s e c t i o n e d  
specimen. 

Figure 21.- S S - 4 1  wi th  Phenolic-Coated Ribbons,  Specimen 12-1 
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Char Surface 

Toughness.- Hard c h a r  s u r f a c e ,  with many cracks  normal t o  r i b -  
bons. 

Color.- Reddish-brown background w i t h  l a r g e  amount of w h i t i s h  
s i l i c a  r e s i d u e  along c r a c k s ,  

General Comments.- Typica l  shr inkage c racks  along r ibbons ,  

Cross-Sectional V i e w  

Char I n t e g r i t y . -  Very weak, with some disbonding from r ibbons  
and crac '~ i i ,g  **:thin w I  L L . A r r  char 1 ayer  . 

Char Shrinkage.-  Large shr inkage c racks  below char  s u r f a c e  
and a long  r ibbons.  

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  Typica l ly  f r i a b l e  pyrol-  
y s i s  zone, b u t  n o t  as Sadly cracked as i n  Specimen 12-1 ( f i g ,  21) .  

General  Comments.- Rated poor due t o  l a r g e  gaps between c h a r  
and r i b b o n s ,  d e f l e c t i o n  of r ibbons,  and extreme char  shr inkage ,  
which r e s u l t e d  i n  bond f a i l u r e ,  

F i g u r e  22.- S S - 4 1  w i t h  Phenolic-Coated Ribbons, Specimen 12-2 
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Char Surface  

Toughness.- Very hard cha r  s u r f a c e .  No c rack ing  o r  disbond- 
ing . 

Color.- Dul l  reddish-brown. 

General Comments.- Sur face  appears  rough due t o  f i b e r  ends 
and some carbonaceous d e p o s i t s ,  b u t  seems very  good. Bonding wi th  
r ibbons i s  e x c e l l e n t .  

Cross-Sec t iona l  V i e w  

Char I n t e g r i t y . -  Strong cha r ,  b u t  h i g h l y  porous.  

Char Shrinkage.-  None observed.  Very good bond w i t h  r ibbons .  

Py ro lys i s  Zone and Vi rg in  I n t e r f a c e . -  Typ ica l  s o f t  p y r o l y s i s  
zone, bu t  f i b e r s  b r i d g e  i n t e r f a c e  and reduce sh r inkage  and crack-  
ing .  

General Comments.- F i b e r s  doing an e x c e l l e n t  j o b  i n  breaking  
up t h e r m a l  s t r a i n s  t o  reduce sh r inkage  and c rack ing .  This  config-  
u ra t ion  is our  recommended type  of c o n s t r u c t i o n  and composition. 

Figure 23.- S S - 4 1  wi th  F i b e r s  and Phenolic-Coated Ribbon 
Reinforcement ,  Specimen 18-1 
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I .  

Char Surface 

Toughness.- Very hard char  su r face  and i n t a c t  r ibbon bond. 
Some extremely siiiall cracks, gene ra l ly  a c r o s s  r ibbons .  

Color.- L igh t  reddish-brown. 

General  Comments.- Good char  su r face ,  b u t  somewhat rough. 

Cross-Sectional V i e w  

Char I n t e g r i t y . -  Strong cha r ,  but f r i a b l e  and porous,  w i th  
absence  of f i bc r s .  Fibers on su r face  melted.  

Char Shrinkage.-  None observed. Very good bond wi th  r ibbons.  

P y r o l y s i s  Zone and Vi rg in  In t e r f ace . -  Typica l  s o f t  p y r o l y s i s  
zone, b u t  f i b e r s  b r idge  i n t e r f a c e .  I n t e r f a c e  appears  normal. 

General  Comments .- Good c ross - sec t iona l  appearance,  b u t  f i b e r s  
are unbonded i n  p y r o l y s i s  zone. 

F igure  24.-  S S - 4 1  wi th  Fibers  and Phenolic-Coated 
Ribbon Reinforcement, Specimen 18-2 
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Char Surface  

Toughness.- Very hard  char  s u r f a c e .  

Color.- Reddish-brown and very  uniform. 

General Comment.- Glass me l t ing  from f i b e r s  tended t o  leave 
a somewhat rough s u r f a c e .  

Cross-Sect ional  V i e w  

Char I n t e g r i t y . -  Very good carbonaceous char .  

Char Shrinkage.-  Only ev idence  w a s  s l i g h t  concavi ty  of s u r f a c e .  

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  Typica l  s o f t  p y r o l y s i s  
zone, but  holds  t o g e t h e r  w e l l .  I n t e r f a c e  appears  good. 

General Comment.- Melt ing of  f i b e r s  i n  char  enhances char  
s t reng t h  . 

Figure  25.- S S - 4 1  wi th  F ibe r  Reinforcement ,  Specimen 24-1 
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Char Surface 

Toughness. - V e r y  hard  char ssr face  w i t h  some "mud" cracking ,  

Color. - Multicolored--reddish-brown , greeil, whltc , snc! ~ ~ 1 1  -I --- nws . 

General Comments.- Some s u r f a c e  roughness due t o  f i b e r  m e l t  
and o f f g a s s i n g  r e s i d u e s .  

Cross-Sectional V i e w  

Char In&- - Very good carbonaceous cha r .  

Char Shrinkage.-  Only evidence of shr inkage  w a s  s l i g h t  con- 
c a v i t y  of s u r f a c e ,  

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  Typica l  p y r o l y s i s  zone, 
w i t h  f i b e r s  w e l l  d i spersed .  I n t e r f a c e  appears  normal. 

General Comments .- Cross-section appears  normal. 

Figure 26.- SS-41 w i t h  F i b e r  Reinforcement, Specimen 24-2 
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Char Surface  

Toughness.- Hard s u r f a c e  w i t h  some char  c racking .  

Color.- Dul l  reddish-brown, w i t h  some hard  b l ack  d e p o s i t s  
along r ibbons ,  

General  Comments.- S l i g h t  p r o t r u s i o n  of r ibbons  above s u r f a c e  
may be caused by expansion of RTV 60 o r  by cha r  "s l ippage"  and 
rebonding . 

Cross-Sect ional  V i e w  

Char I n t e g r i t y . -  Char i s  bonded t o  c o r e ,  has  good s t r e n g t h  
and low p o r o s i t y  n e a r  s u r f a c e .  

Char Shrinkage.-  Appreciable  sh r inkage  and bond f a i l u r e  i n  
p y r o l y s i s  zone. 

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  Weak p y r o l y s i s  i n t e r f a c e ,  
with some cracking .  

General  Comments.- Char s e p a r a t e d  ( p u l l e d  a p a r t )  below t h e  
su r face ,  as evidenced by char l o s s  from p y r o l y s i s  zone on sec-  
t ioning . 

Figure 27.- SS-41 w i t h  Si l icone-Coated Ribbons , Specimen 15-1 
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Char Surface 

Toughness.- Hard char  s u r f a c e  formed. N o  s i g n i f i c a n t  crack- 
i n g  o r  disbonding.  

Color.- Black, w i th  reddish-brown edges.  

General Comments,- Some cha r  slumping between r ibbons ,  

Cross-Sectional V i e w  

Char I n t e g r i t y . -  Very r i g i d  char w i t h  e x c e l l e n t  r ibbon bond- 
i n g  and very low p o r o s i t y .  

Char Shrinkage.-  No bond f a i l u r e  o r  char  c racking .  

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  P y r o l y s i s  zone and i n -  
t e r f a c e  appear  very good. 

General  Comments.- F i b e r s  and r ibbons working t o g e t h e r  very 
w e l l  t o  reduce thermal  s t r a i n s  and cracking .  

F igure  28.- S S - 4 1  wi th  F ibe r s  and Si l icone-Coated Ribbon 
Reinforcement,  Specimen 17-1  
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Char Surface  

Toughness.- Hard c h a r  s u r f a c e ,  w i t h  s i g n i f i c a n t  c r a c k i n g  
across  r ibbons.  

Color.  - Cinnamon colored .  

General  Comments.- S i l i c a  g l o b u l e s  h i g h l y  c o n c e n t r a t e d  around 
s u r f a c e  c racks .  Sur face  g e n e r a l l y  very  rough. 

Cross-Sect ional  V i e w  

Char I n t e g r i t y . -  Char h a s  f a i r  s t r e n g t h  and i s  w e l l  bonded 
t o  r ibbons ,  b u t  i s  f r i a b l e ,  c racked ,  and r a t h e r  porous.  

Char Shrinkage.- Evidence of  s u b s u r f a c e  c r a c k s .  

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  Both appear  good. 

General Comments.- Char l a y e r  i s  very  d i s t i n c t i v e  (1/2-in.  
t h i c k )  and a b s e n t  of f i b e r s .  

F igure  29.- SS-41 w i t h  F i b e r s  and Si l icone-Coated Ribbon 
Reinforcement,  Specimen 17-2 
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Char Surface 

Toughness.- Good h a r d ,  smooth cha r ,  w i t h  some cracking  along 
c e l l  r ibbons .  

Color.- Reddish-brown center, wi th  d a r k e r  carbonaceous edges 
and s i l i c a  r e s i d u e  concent ra ted  along cracks .  

General Comments.- Sur face  w a s  g e n e r a l l y  smooth because core  
w a s  s l i g h t l y  below s u r f a c e  and t h e r e  w a s  very  l i t t l e  s u r f a c e  
shr inkage .  

Char I n t e g r i t y . -  S t rong  char  wi th  low p o r o s i t y .  

Char Shrinkage,-  Very l i t t l e  shr inkage.  Bond w i t h  core  r a t e d  
f a i r  t o  good. 

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  N o  major weaknesses such 
as c r a c k s ,  disbonding, o r  f r i a b i l i t y .  

General  Comments.- Char and p y r o l y s i s  zone appear  f a i r l y  good. 

F igure  30.- High-Silica-Microsphere Composition, 
Specimen 2-1 
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Char Sur face  

Toughness.- Very s t r o n g  cha r  s u r f a c e ,  w i t h  no c rack ing .  

Color.- Dul l  reddish-brown. 

General Comments.- E-glass f i b e r s  are  prominent a t  s u r f a c e ,  
and are very b r i t t l e ,  

Cross-Sec t iona l  V i e w  

Char I n t e g r i t y . -  Very s t r o n g  c h a r  w i t h  low p o r o s i t y .  

Char Shrinkage.-  No cracking  o r  o t h e r  i n d i c a t i o n s  of char  
shr inkage.  

P y r o l y s i s  Zone and Virg in  I n t e r f a c e .  - Typica l ly  s o f t  , b u t  
appear good. 

General  Comments.- The char  i n t e g r i t y  i s  very  good. 

F igure  31,- Hlgh-Silica-Microsphere Composition w i t h  
F ibe r  Reinforcement ,  Specimen 5-1 
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Char Surface  

Toughness,- Very s t r o n g  c h a r ,  wi th  no s u r f a c e  c racking .  

Color.- Reddish-brown a t  edges,  b u t  vhttish, blue-green near cen- 
e-.. L C L  

General Comments,- Char s u r f a c e  looks very  good. 

Cross-Sectional V i e w  

Char I n t e g r i t y . -  Highly s t a b l e  cha r  w i t h  low p o r o s i t y .  

Char Shrinkage.- cracking c?r n t h e r  i n d i c a t i o n s  of  cha r  
sh r inkage .  

P y r o l y s i s  Zone and Vi rg in  I n t e r f a c e . -  Appear  good, b u t  t h e r e  
i s  no chemical bonding of f i b e r s .  

General Comments,- E-glass f i b e r s  are a p p a r e n t l y  me l t ing  a t  
a v e r y  low tempera ture  (below 1500'F) and combining w i t h  s i l i c a  
m e l t  t o  form a very  s t r o n g  cha r  l a y e r .  

F igu re  32.- High-Silica-Microsphere Composition 
w i t h  F i b e r  Reinforcement, Specimen 5-2 
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Char S u r f a c e  

Toughness,- Good char  s u r f a c e .  

Color.- Gray w i t h  traces of brown. 

General Comments.- Unusual cross-hatched s u r f a c e  p a t t e r n  re- 
s u l t e d  from f a b r i c a t i o n .  Sur face  w a s  d r y  looking  and somewhat 
porous. 

Cross-Sect ional  V i e w  

Char I n t e g r i t y . -  Moderately porous c h a r .  Remained i n t a c t  
upon s e c t i o n i n g .  

Char Shrinkage,-  Some c o r e  node bonds were p u l l e d  a p a r t ,  b u t  
bonding g e n e r a l l y  good. 

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  Very powdery p y r o l y s i s  
zone, and a very d i s t i n c t  v i r g i n  i n t e r f a c e .  

General Comments.- S i g n i f i c a n t  s i l i c a  d e p o s i t  p r e s e n t  j u s t  
below s u r f a c e ,  i n d i c a t i n g  p o s s i b l e  s u b s u r f a c e  o x i d a t i o n .  Other- 
wise,  a good char  and p y r o l y s i s  zone. 

Figure 33.- High-Silica-Microsphere Composition w i t h  Carbon 
Powder, Specimen 3-1 
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Char Surface  

Tcughx~ess;- Very hard  s u r f a c e ,  No char  c racks  o r  d i sbonds ,  
a l though  sh r inkage  c racks  p r e s e n t  along core .  

Color.- Reddish-brown and ve ry  uniform. 

General Comments.- Sur face  appears ve ry  good. Only m i n i m a l  
char sh r inkage  and no b l i s t e r i n g .  

C r o s s - S e c t loiial Vi ev 

Char I n t e g r i t y . -  Good char  s t r e n g t h  and homogeneous p o r o s i t y .  

Char Shrinkage.- Some cha r  shr inkage  noted  a long  r ibbons .  

P y r o l y s i s  Zone and Vi rg in  I n t e r f a c e . -  F r i a b l e  p y r o l y s i s  zone. 
Crack apparent  a t  i n t e r f a c e .  

General Comments.- Adding f i b e r s  should reduce  cha r  p o r o s i t y  
and s t r e n g t h e n  v i r g i n  i n t e r f a c e .  

F igure  34.- S S - 4 1  w i t h  Carbon Powder, Specimen 32  
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Char Sur face  

Toughness,- Very t h i n  "f i lm" c r u s t ,  b u t  no f i l l e r  c r acks .  

Color.-  Reddish-brown, wi th  s i l i c a  r e s i d u e  around co re .  

General  Comments.- Char shrunk w i t h i n  each c e l l ,  l e a v i n g  a 
dimpled s u r f  ace.  

Cross-Sec t iona l  V i e w  

Char I n t e g r i t y . -  Actual  c h a r  had good s t r e n g t h  and ve ry  low 
poros i ty .  However, except  f o r  s u r f a c e  c r u s t ,  t h e r e  w a s  no evi- 
dence of bonding wi th  core .  

Char Shrinkage.-  Very s i g n i f i c a n t  char  sh r inkage ,  l e a v i n g  
l a r g e  c racks  between char  and c o r e  t h a t  r a n  from s u r f a c e  t o  vir-  
g in  material. 

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  Appeared ve ry  good on 
v isua l  i n s p e c t i o n ,  b u t  i n  r e a l i t y ,  w e r e  ve ry  f r a g i l e .  

General  Comments.- Char w a s  completely unbonded and suppor ted  
only by i t s  at tachment  through p y r o l y s i s  zone. 
much char  l o s t  due t o  weakness of  t h i s  a t tachment .  

Upon s e c t i o n i n g ,  

. I  

Figure 35.- 80/20 Composition, Specimen 25-1 
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Char Surface 

Toughness.- Below average i n  hardness;  some cracking  2etween 
t h r e a d  ends. 

Color.- Reddish-brown. 

General  Comments.- Formulation shrunk bad ly ,  l eav ing  a very 
concave s u r f a c e .  Glass f i b e r  m e l t  p r e s e n t  on char red  s u r f a c e ,  

Cross-Sectional V i e w  

Char I=tegr-i ty.-  Poor cha r  w i t h  e x t e n s i v e  c racking  normal t o  
s u r f  ace. 

Char Shrinkage.-  Very deep vertical  c racks ,  i n d i c a t i n g  s i g n i f -  
icant cha r  sh r inkage ,  

P y r o l y s i s  Zone and Vi rg in  I n t e r f a c e . -  R e l a t i v e l y  weak, w i th  
some h o r i z o n t a l  cracking nea r  i n t e r f a c e .  

General  Comments,- F ibe r s  d i d  n o t  m e l t ,  and t h e i r  s t r e n g t h  
w a s  r e t a i n e d  w i t h i n  $bar l a y e r .  
be e f f e c t i v e ,  chemical bonding of f i b e r s  and a s t r o n g  char  l a y e r  
are needed. 

However, f o r  t h i s  technique  t o  

F igure  36.- 80/20 Composition wi th  End-Oriented 
Threads,  Specimen 23-1 



Char Surface  

Toughness.- Very hard s u r f a c e  wi th  good co re  bond. 

Color.- Reddish-brown, wi th  b l u e  and orange a t  edges.  

General  Comments,- No a p p r e c i a b l e  cha r  sh r inkage ,  and only  
very minor c racking  a t  co re ,  

Cross-Sect ional  V i e w  

Char I n t e g r i t y . -  Good char  and f a i r  bonding s t r e n g t h  n e a r  
su r face ,  bu t  s t r e n g t h  dec reases  i n  p y r o l y s i s  zone. 

Char Shrinkage.-  S i g n i f i c a n t  cha r  sh r inkage  and disbonding 
i n  p y r o l y s i s  zone. 

P y r o l y s i s  Zone and Virg in  I n t e r f a c e .  - P y r o l y s i s  zone and 
p l a s t i c  i n t e r f a c e  are weak even though very  l i t t l e  cha r  w a s  l o s t  
on s e c t i o n i n g ,  

General  Comments.- Adding f i b e r s  should  s i g n i f i c a n t l y  improve 
p l a s t i c  i n t e r f a c e ,  p y r o l y s i s  zone, and cha r  s t r e n g t h .  

F igure  37.- S S - 4 1  Mixture 1 i n  Core,  Specimen 33 
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Char Surface 

Toughness.- Very good s u r f a c e  s t r e n g t h .  

Color.- Uniform reddish-brown. 

General Comments.- Ribbon bond appears very  good; very l i t t l e  
c rack ing  along t h e  r ibbons  due t o  shr inkage,  

Cross-Sectional V i e w  

Char I n t e g r i t y . -  Porous cha r ,  but of good s t r e n g t h ,  

Char Shrinkage.-  Very l i t t l e  char sh r inkage ,  and no signifi- 
c a n t  c racking  o r  disbonding. 

P y r o l y s i s  Zone and Virg in  In t e r f ace . -  P y r o l y s i s  zone and in-  
terface appear  good, 

General  Comments.- Adding some carbon powder should  s t r eng then  
c h a r  l a y e r  by reducing i t s  po ros i ty .  

F igure  38.- SS-41 Mixture 2 with F i b e r s  and Phenol ic-  
Coated Ribbon Reinforcement, Specimen 34-1 
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Char Sur face  

Toughness.- Very good s u r f a c e  s t r e n g t h .  

Color.- Reddish-brown. 

General  Comments.- Ribbon bond seems ve ry  good; ve ry  l i t t l e  
cracking a long  t h e  r ibbons due t o  shr inkage .  

Cross-Sec t iona l  V i e w  

Char I n t e g r i t y . -  Char is  porous,  b u t  has  good s t r e n g t h  and i s  
w e l l  bonded t o  r ibbons .  

Char Shrinkage.-  No s i g n i f i c a n t  sh r inkage .  

P y r o l y s i s  Zone and Vi rg in  I n t e r f a c e . -  Both appear  good. 

General Comments.- Addi t ion  of carbon powder should s t r e n g t h e n  
char l a y e r  by reducing p o r o s i t y .  

Figure 39.- S S - 4 1  Mixture 2 w i t h  F i b e r s  and Phenol ic-  
Coated Ribbon Reinforcement ,  Specimen 34-2 
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Char Surface 

Toughness.- No char  s u r f a c e  pei? 38 existed. j u s t  empty core .  

Color.  - Black. 

General Comment.- Material w a s  incapable  of s u s t a i n i n g  test  
environment.  

Cross-Sect ional  V i e w  

Char I n t e g r i t y . -  Highly porous c inde r .  

Char Shrinkage.-  Unable t o  eva lua te .  

P y r o l y s i s  Zone and Virg in  I n t e r f a c e . -  No p a r t i c u l a r  weakness 
a t  i n t e r f a c e ,  b u t  p y r o l y s i s  zone is  a very  porous carbon ma t r ix .  

General  Comment.- Material not  cons idered  a cand ida te  f o r  
t h e  S h u t t l e  O r b i t e r  a t  t h e  heat-flow level  t e s t e d .  

F igu re  40.- Urethane Foam, Specimen 19-1 
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Composition 

S S - 4 1  (baseline) 

S S - 4 1  (baseline) 

SS-41 (baseline) 

SS-41 (baseline) 

SS-41 (baseline) 
SS-41 (baseline) 

High s i l i c a  

High s i l i c a  with 
carbon powder 
80120 

85-41 with 
carbon powder 

S S - 4 1 .  mixture 1 

Specimen Char Core Char Pyrolysis Virgin 
no. surface bond layer  zone interface 

~~ 

S S - 4 1  (baseline) 

SS-41 (baseline) 

High s i l i c a  

High s i l i c a  

80120 

16-2 

31-1 

3-1 G 

5-2 5-1 I 
23-1 I P 

F P 

F P 

F P 

P P 

P P 

P P 

F-G G 

G G 

P G 

F G 

F G 

I I n s u l a t i p  Char 
visual  eff ic iency 

rat ing,  % ra t ing,  

67 

50 

67 

50 

60 

70 

83 

87 

60 

7 3  

73 

Fiber reinforcement 1 
--c G 100 

33 --- 

Ribbon reinforcement 

SS-41 (baseline) 12-1 G P-F P 

SS-41 (baseline) 12-2 F P-F P 

SS-41 (baseline) 15-1 G F-G F 

P 

F 

P-F 

100 

100 

105 

105 

102 

88 

85 

86 

10 3 

10 3 

92 

122 

97 

99 

83 

10 8 

F 60 100 

P-F 

Ribbons and f i b e r  reinforcement 

SS-41 (baseline) 17-1 G G G G G 100 73 

SS-41 (baseline) 17-2 F G F G G 87 69 

SS-41 (baseline) 18-1 G G G G G 100 81 

SS-41, mixture 2 34-1 G G G F G 93 10 1 

SS-41 (baseline) 18-2 F-G G G G G 97 71 

SS-41, mixture 2 34-2 G G G F G 93 86 

Note: 1. A l l  specimens generally exhibited some length change o r  thickness decrease. This 
"recession" of the charred surface is  a t t r ibu ted  to  pyrolysis zone s e t t l i n g  and 
char shrinkage during cooldown. 

All specimens retained the i r  surface char during exposure t o  the two test condi- 
tions. Sone specimens did lo se  some surface char upon pos t tes t  handling, but t h i s  
was the r e su l t  of accidental damage and is not considered to  be a val id  measure of 
char strength. 

The following assignments were made i n  determining the  v isua l  char r a t ing .  

Letter Definition Value 

2 .  

3 .  

G 
F 
P 

Good 
Fair  
Poor 

3 
2 
1 

Therefore, the minimum visual  ra t ing  was 33% out  of a possible 100%. 
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Discuss ion  of Test  R e s u l t s  

The thermal  e f f i c i e n c y  va lues  shown i n  t a b l e  1 7  have been nor- 
mal ized by u s i n g  t h e  S S - 4 1  composition ( i n  co re )  as t h e  b a s e l i n e ,  
and are p l o t t e d  i n  f i g u r e s  13  and 1 4 .  

F igu re  13  shows t h e  e f f e c t  on e f f i c i e n c y  o f  u s i n g  s e v e r a l  a l t e r -  
n a t i v e  char-reinforcement  compositions.  F igure  1 4  p r e s e n t s  t h e  
r e s u l t s  o f  u s i n g  composi t iona l  v a r i a t i o n s  t o  improve c h a r  r e s i d u e .  

Core Replacement by Ribbons 

The r ibbon l amina t ing  technique  proved e f f e c t i v e  i n  r e i n f o r c -  
i n g  t h e  c h a r  ( f i g .  21 and 22) .  A good char-r ibbon bond w a s  formed 
a t  t h e  s u r f a c e ,  and i n t e r n a l l y ,  t h e  c h a r  seemed t o  be  more i n t a c t .  
This  probably had t o  do w i t h  t h e  l o w e r  r e s t r a i n t  i n  t h e  d i r e c t i o n  
o f  t h e  r ibbons ,  which allowed t h e  char  t o  s t r a i n  i n  t h i s  d i r e c t i o n  
wi thou t  c racking .  Thermally,  t h e  r e s u l t s  i n  f i g u r e  13  show t h a t  
t h e  c l o t h  and s p a c i n g  s e l e c t e d  d i d  n o t  s i g n i f i c a n t l y ’  a f f e c t  t h e  
i n s u l a t i o n  e f f i c i e n c y  . 

During t h e s e  tests,  w e  a l s o  i n v e s t i g a t e d  c o a t i n g  t h e  r ibbons  
wi th  p h e n o l i c  r e s i n  (SC1008) and s i l i c o n e  r e s i n  (RTVGO) t o  improve 
t h e  bond between t h e  r ibbons  and the  a b l a t i v e  m a t e r i a l .  

The use  of t h e  s i l i c o n e  coa t ing  ( f i g .  2 7  t n r u  2 9 )  i jas s&se- 
quen t ly  d i scon t inued  because o f  i t s  h igh  d e n s i t y  L0.32 gm/cm3 
(20 l b / f t 3 ) ]  and weaker r ibbon bond. 

F i b e r  add i t ion . -  The a d d i t i o n  of f i b e r s  t o  t h e  ribbon-con- 
s t r u c t i o n  pane l  w a s  found t o  g r e a t l y  improve c h a r  s t a b i l i t y ,  as 
s e e n  by comparing specimens 12-1  and 12-2 ( f i g .  2 1  and 22) w i t h  
specimens 18-1 and 18-2 ( f i g .  23 and 24) .  This  improvement was 
mmifesred i n  two ways: (1)  t h e  f i b e r s  appa ren t ly  melted a t  about 
1090°K (1500’F) and j o i n e d  wi th  t h e  carbon t u  ioriii a very s t r o n g  
c h a r  matrix, and (2)  t h e  f i b e r s  reduced t h e  thermal  s t r a i n s  and, 
t h u s ,  minimized c h a r  sh r inkage  and t h e  cor responding  c r a c k s ,  sub- 
s u r f a c e  v o i d s ,  and d isbonds .  

The same i n t a c t  char  w a s  found when f i b e r s  a lone  were used f o r  
r e in fo rcemen t .  P o s t t e s t  c a l c u l a t i o n s  showed t h a t  t h e  i n s u l a t i o n  
e f f i c i e n c y  ( f i g .  14)  w a s  gene ra l ly  improved. This  can b e  seen  by 
comparing specimens 24-1 and 5-1 ( f i g .  25 and 31) w i t h  specimens 
6-1 and 2-1 ( f i g .  15 and 30) .  
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Unfor tuna te ly ,  t h e  f i r s t  r ibbon pane l s  t h a t  were f a b r i c a t e d  
had h igh  d e n s i t i e s .  
t he  lower i t s  thermal  e f f i c i e n c y .  The dec rease  i n  thermal  e f f i c -  
iency  due t o  a h i g h e r  d e n s i t y  masks o u t  t h e  e f f e c t  of t h e  added 
f i b e r .  

Genera l ly ,  t h e  h i g h e r  t h e  d e n s i t y  o f  a p a n e l ,  

Large core . -  Thermally,  t h e  test r e s u l t s  ( f i g .  13) f o r  t h e  
two specimens wi th  1.9-cm (3/4- in .  ) honeycomb ce l l s  were incon- 
c l u s i v e :  
t h e  o t h e r  showed a reduced e f f i c i e n c y .  A v i s u a l  examinat ion showed 
t h a t  t h e  cha r  i n t e g r i t y  was unaf fec ted  by t h e  l a r g e r  c e l l  s i z e  
( f i g .  19 and 20) .  

a s l i g h t  improvement w a s  observed f o r  one specimen, b u t  

P a r t i a l - d e p t h  co re .  - P o s t t e s  t s e c t i o n i n g  r evea led  t h a t  t h e  
p y r o l y s i s  zone p e n e t r a t e d  t o  t h e  co re  d i s c o n t i n u i t y  ( f i g .  1 7  and 
18) wi thou t  n o t i c e a b l y  a f f e c t i n g  t h e  cha r -v i rg in  material  i n t e r -  
f ace  ( see  f i g .  15  and 1 6 ) .  The tests a l s o  demonstrated t h a t  some 
thermal  improvement can be  expec ted  from a p a r t i a l  co re  depth  
s i n c e  t h e  i n s u l a t i o n  e f f i c i e n c y  w a s  c o n s i s t e n t l y  5% h i g h e r  than  
t h a t  of t h e  fu l l -dep th  co re  specimens.  

Composition S t u d i e s  

The remaining tes t  specimens g e n e r a l l y  se rved  t o  e v a l u a t e  
techniques  f o r  f a c i l i t a t i n g  core  load ing  and f o r  r educ ing  t h e  
d e n s i t y  of  t h e  r ibbon-  and f i b e r - r e i n f o r c e d  material .  These tech-  
n iques  have been d i scussed  i n  a p rev ious  s e c t i o n .  
c u s s i o n  emphasizes t h e  e f f e c t  of composi t ion on char  r e s i d u e ,  
s t a b i l i t y ,  and thermal  performance.  

Here t h e  d i s -  

I n  t o t a l ,  s i x  composi t ions ,  i n c l u d i n g  t h e  SS-41, were eva l -  
ua ted  i n  t h e  0.9-cm (0.37-in.)  honeycomb core .  I n  g e n e r a l ,  a l l  
formed a s t r o n g  c h a r  s u r f a c e ,  bu t  t y p i c a l l y  had weak v i r g i n  mater- 
i a l - p y r o l y s i s  zone i n t e r f a c e s .  

Microspheres . -  The i n t e g r i t y  of t h e  cha r  l a y e r  w a s  s i g n i f i -  
c a n t l y  improved by s p l i t t i n g  t h e  t o t a l  pe rcen tage  of  microspheres  
between pheno l i c  and s i l i c a  ( f i g .  30 t h r u  3 2 ) .  This  a p p a r e n t l y  
reduced t h e  cha r  s t r a i n  i n  such a way t h a t  a degree  of  c o r e  bond- 
i n g  was main ta ined .  Th i s  improvement i n  c h a r  i n t e g r i t y ,  however, 
w a s  ob ta ined  a t  t h e  expense o f  t h e  i n s u l a t i o n  e f f i c i e n c y  ( f i g .  1 4 ) ,  
which w a s  reduced by approximate ly  15%. It i s  q u i t e  p o s s i b l e  t h a t  
cooldown sh r inkage  i s  r e s p o n s i b l e  f o r  t h e  poor  cha r  i n t e g r i t y  o f  
the  h igher -percentage  pheno l i c  microsphere  composi t ions.  
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Carbon Powder 

I n  every  i n s t a n c e ,  t h e  a d d i t i o n  o f  carbon powder seems t o  have 
r e s u l t e d  i n  a minor improvement i n  cha r  i n t e g r i t y  wi thou t  r educ ing  
thermal  e f f i c i e n c y .  This  can b e  s e e n  by comparing specimens 2-1 
( f i g .  30) and 3-1 ( f i g .  3 3 ) ,  and 6-1 ( f i g .  15)  w i t h  3-2 ( f i g .  34) .  

Nylon Powder 

The a d d i t i o n  o f  ny lon  powder shou ld  a l s o  improve the rma l  e f -  
f i c i e n c y  by i n c r e a s i n g  blockage.  I n  these  tests i t  w a s  n o t  o u r  
i n t e n t  t o  i n v e s t i g a t e  t h i s  p a r t i c u l a r  a spec t .  However, i t  i s  in-  
t e r e s t i n g  t o  n o t e  t h a t  adding  10 pbw of nylon h a s  e f f e c t i v e l y  o f f -  
se t  t h e  r e d i s t r i b u t i o n  of  pheno l i c  and glass microspheres  between 
t h e  SS-41 ( f i g .  15) and t h e  80/20 ( f i g .  35) composi t ions ,  a s  il- 
l u s t r a t e d  by specimens 6-1 and 25-1 ( f i g .  1 4 ) .  The c h a r  i n t e g r i t y  
w a s  n o t  n o t i c e a b l y  a l t e r e d  by t h i s  formula t ion  change: s u b s u r f a c e  
v o i d s ,  c r a c k s ,  and d isbonds  were common i n  b o t h  specimens.  

80/20 Composition 

The 80/20 a b l a t i v e  mixture  w a s  a l s o  used t o  e v a l u a t e  t h e  u s e  
o f  f i b e r g l a s s  t h r e a d s  as a replacement  f o r  t h e  honeycomb. These 
Lhreads w e r e  s t i t c h e d  through t h e  specimen, p e r p e n d i c u l a r  t o  t h e  
s u r f a c e .  Su r face  c racks  were noted  du r ing  t h e  test and siibsur- 
f a c e  c r a c k s  formed a f t e r  s e c t i o n i n g  the  specimen. The s u r f a c e  
c racks  g e n e r a l l y  r an  between t h e  thread  ends ,  and t h e  i n t e r n a l  
c r a c k s  r a n  p a r a l l e l  t o  t h e  t h r e a d s  ( f i g .  36) .  

SS-41 Modif ica t ion  

A s  2 c u l p i c a t i o n  of  t h i s  s t u d y ,  t he  S S - 4 1  composi t ion was 
modif ied t o  produce more c h a r  r e s i d u e  and t o  i n c u i p o r a t a  the 
r ibbon  and f i b e r  w i thou t  i n c r e a s i n g  dens i ty .  The f i r s t  s t e p  w a s  
t o  r educe  t h e  pheno l i c  microspheres  to  30% and i n c r e a s e  t h e  g l a s s  
microspheres  t o  25% and add 10% carbon powder. 
s l i g h t l y  h i g h e r  d e n s i t y  and a much b e t t e r  c h a r  ( f i g .  37).  

This  produced a 

As w e  s a w  p r e v i o u s l y  ( f i g .  1 3 ) ,  r e p l a c i n g  t h e  honeycomb co re  
w i t h  f i b e r s  and pheno l i c  l amina t ing  r e s i n  (specimens 18-1 and 18-2) 
i n c r e a s e d  t h e  d e n s i t y  o f  t h e  S S - 4 1  t o  0.378 grn/cm3 (23.5 l b / f t 3 ) .  
NOW, t o  reduce  t h e  d e n s i t y ,  w e  made an a d d i t i o n a l  s l i g h t  a l t e r a t i o n  
t o  t h i s  composi t ion and reduced t h e  packing p r e s s u r e .  The r e s u l t s  
of  t h e s e  i t e r a t i o n s  were t h a t  a d e n s i t y  of  0 .25 gm/cm3 (15.5 l b / f t 3 )  
w a s  o b t a i n e d  w i t h  t h e  fo l lowing  composition: 
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S i l i c o n e  r e s i n  (GE 655) 20% 

Pheno l i c  microspheres  35 % 

Glass  microspheres  25% 

Nylon powder 10% 

E-glass f i b e r s  10% 

To compact and cu re  t h e  b i l l e t ,  t h e  above mixture  w a s  p l a c e d  
i n  a mold, vacuum bagged a t  48  kN/m2 ( 7  p s i a ) ,  and t h e  l amina t ing  
p r e s s u r e  w a s  reduced t o  206 kN/m2 (30 p s i ) .  No c r a c k s ,  d i sbonds ,  
o r  subsu r face  voids  w e r e  found upon p o s t t e s t  s e c t i o n i n g  ( f i g .  38 
and 3 9 ) ,  and t h e  thermal  e f f i c i e n c y  w a s  e s s e n t i a l l y  t h e  same as 
t h a t  o f  t h e  o r i g i n a l  SS-41 composi t ion used i n  t h i s  s tudy  ( f i g .  1 4 ) .  

Plasma Arc Test Conclusions 

1. The a d d i t i o n  of  E-glass f i b e r s  i s  cons idered  t h e  s i n g l e  most 
s i g n i f i c a n t  f a c t o r  i n  improving t h e  performance of  t h e  cha r .  
These f i b e r s  had a very  p o s i t i v e  e f f ec t  on r e l i e v i n g  s h r i n k a g e  
s t r a i n  ( a  most s e r i o u s  problem),  and t h e  g l a s s  m e l t  t hey  
p r o d w e d  w a s  very  b e n e f i c i a l  i n  forming good s t r o n g  c h a r  l a y e r s .  
Using a f i b e r  t r ea tmen t  (such as s i l i c o n e  s i l a n e  s u r f a c e  coa t -  
i ng )  t h a t  would promote chemica l  bonding w i t h  t h e  e l a s t o m e r i c  
mixture  would f u r t h e r  s t r e n g t h e n  t h e  p y r o l y s i s  zone. 

2 .  The laminated r ibbon layup i s  cons idered  a t  l e a s t  as good as 
honeycomb core  f o r  r e i n f o r c i n g  t h e  char .  Gene ra l ly ,  a good 
chemical  bond between t h e  c h a r  l a y e r  and t h e  r ibbons  o r  c o r e  
was obta ined  f o r  a l l  composi t ions.  

3 .  No c l ea r - cu t  p h y s i c a l  advantage w a s  found between * t h e  SC1008 
and RTV60 adhes ive  c o a t i n g s .  The RTV6O-coated specimens ex- 
h i b i t e d  5 t o  10% h i g h e r  d e n s i t i e s ,  and t h i s  accounted f o r  t h e  
s l i g h t  d i f f e r e n c e  i n  thermal  e f f i c i e n c y .  

4 .  A s m a l l  (5%) the rma l  improvement w a s  found f o r  t h e  p a r t i a l -  
depth c o r e  and, p h y s i c a l l y ,  no problems developed a t  t h e  c o r e  
d i s c o n t i n u i t y .  I n  t h e s e  tests , t h e  p y r o l y s i s  depth  co inc ided  
wi th  t h e  bot tom o f  t h e  co re .  T h i s  i s  u n d e s i r a b l e .  The c o r e  
should  ex tend  i n t o  t h e  v i r g i n  material  f o r  some d i s t a n c e ,  b u t  
t h i s  would reduce t h e  thermal  advantage.  
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5. Enlarg ing  t h e  co re  s i z e  from 0.95 cm ( 3 / 8  i n . )  t o  1 . 9  c m  
(314 i n . )  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  thermal  o r  p h y s i c a l  
performance. 

6. None of t h e  f i v e  composi t ion v a r i a t i o n s  from t h e  SS-41 base- 
l i n e  composi t ion (25% RTV655 r e s i n ,  50% pheno l i c  microspheres ,  
15% g l a s s  microspheres ,  and 10% nylon powder) s i g n i f i c a n t l y  
improved t h e  thermal  performance. 

7 .  Reducing t h e  pe rcen tage  of  phenol ic  microspheres  and inc reas -  
i n g  t h a t  of  t h e  g l a s s  microspheres  u n t i l  bo th  were e q u a l ,  
w h i l e  ho ld ing  t h e  pe rcen tages  of  a l l  o t h e r  c o n s t i t u e n t s  con- 
s t a n t ,  reduced t h e  i n s u l a t i o n  e f f i c i e n c y  o f  t h e  cha r  by 10 t o  
15%. 

8. A c l e a r  t r a d e o f f w a s  found between c h a r  i n t e g r i t y  and thermal  
performance. Maximum thermal  e f f i c i e n c y  r e q u i r e s  a h igh  per- 
cen tage  of p h e n o l i c  microspheres  ; however, t h e  low pe rcen tage  
of  r e s i d u e  l e f t  by t h i s  c o n s t i t u e n t  r e s u l t s  i n  a poor  char .  
Using t h e  S S - 4 1  composi t ion o r  i t s  second modif ied v e r s i o n  
( s e e  p. 36)  seems t o  be  a good compromise between adequate  
cha r  r e s i d u e  and good thermal  performance. 

9. The a d d i t i o n  of f i b e r s  d id  not  reduce thermal  performance f o r  
any o f  t h e  t h r e e  composi t ions t h a t  w e r e  eva lua ted .  T h e i r  addi-  
t i o n  t o  t h e  b a s e  composi t ion significantly i nc reased  t h e  in- 
t e g r i t y  of  t h e  c h a r .  

10.  Adding carbon powder a l s o  improved c h a r  i n t e g r i t y  wi thout  re- 
ducing  thermal  e f f i c i e n c y .  

Wedge T e s t  Resu l t s  

The plasma-arc t e s t  program inc luded  fou r  SS-41 composition 
wedge p a n e l s ,  each  2 0 . 3 ~ 3 5 . 6 ~ 5 . 0 4  c m  ( 8 x 1 4 ~ 2  i n . ) .  Thermocouples 
w e r e  p laced  on t h e  back f a c e  s h e e t  of t h e  models,  as w e l l  as on 
t h e  specimen h o l d e r .  These thermocouples were used only  t o  i n d i -  
cate t h a t  t h e  h o l d e r  d i d  no t  overheat  d u r i n g  t h e  tes t .  The pur- 
pose  o f  t h e s e  tes ts  w a s  t o  e v a l u a t e ,  i n  a more r e a l i s t i c  flow 
environment ,  t h e  char-reinforcement  methods d i scussed  p rev ious ly .  

The o r i g i n a l  test  p l an  w a s  t o  t e s t  a l l  pane l s  a t  t h e  0.33-MW/m2 
(30-Btu/f  t2-sec)  test cond i t ion .  H o w e v e r ,  a f t e r  s u c c e s s f u l l y  
t e s t i n g  t h e  SS-4l/honeycomb co re  pane l ,  tests on t h e  nex t  two 
p a n e l s  had t o  b e  a b o r t e d  because the  equipment f a i l e d .  A t  t h i s  
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p o i n t ,  t e s t i n g  w a s  s topped.  An a n a l y s i s  of t h e  problem r e v e a l e d  
t h a t  t h e  h igh  o p e r a t i n g  c u r r e n t  r e q u i r e d  t o  ach ieve  t h e  d e s i r e d  
h e a t i n g  c o n d i t i o n  w a s  a f f e c t i n g  t h e  r e l i a b i l i t y  of t h e  f a c i l i t y .  
I n  concurrence w i t h  t h e  NASA t e c h n i c a l  moni tor ,  i t  w a s  dec ided  
t h a t  t h e  test  o b j e c t i v e s  could be m e t  by dropping  back t o  a lower 
h e a t i n g  c o n d i t i o n .  

The re inforcement  c o n f i g u r a t i o n s  and plasma-arc wedge tes t  
cond i t ions  are de f ined  i n  t a b l e  19. F igu re  4 1  shows t h e  v a r i a t i o n  
i n  h e a t i n g  r a t e  a long  t h e  c e n t e r l i n e  of  t h e  model f o r  t h e  20-deg 
wedge ang le  test s e t u p .  

A f t e r  t h e  t e s t ,  each wedge specimen w a s  f i r s t  i n s p e c t e d  f o r  
s u r f a c e  c racks ,  s t r e n g t h ,  and gene ra l  appearance ,  and t h e n  sec- 
t ioned  a long  i t s  c e n t e r l i n e .  There were no v i s u a l  d i f f e r e n c e s  
i n  t h e  c h a r  s t r u c t u r e s  f o r  t h e  wedge o r  s p l a s h  models t e s t e d  a t  
s imi l a r  rates and t i m e s  and hav ing  e q u i v a l e n t  re inforcement .  The 
SS-41  composi t ion i n  honeycomb co re  ( f i g .  42) e x h i b i t e d  a t y p i c a l  
hard ,  i n t a c t  cha r  s u r f a c e ,  and s u b s u r f a c e  c r a c k s ,  vo ids ,  and d i s -  
bonding from t h e  core .  I n  t h e  f i b e r - r e i n f o r c e d  specimen ( f i g .  4 3 ) ,  
t h e r e  were s e v e r a l  l a r g e  s u r f a c e  c racks  running  a c r o s s  t h e  f a c e  
o f  t h e  p a n e l  normal t o  t h e  flow d i r e c t i o n .  These c r a c k s ,  however,  
were confined t o  t h e  s u r f a c e  and d i d  n o t  impa i r  t h e  o v e r a l l  c h a r  
s t r e n g t h  s i n c e ,  i n t e r n a l l y ,  t h e  cha r  w a s  s t r o n g  and f r e e  of c r acks  
and voids .  

The remaining two pane l s  con ta ined  bo th  r ibbons  and f i b e r s ,  and 
were cons t ruc t ed  wi th  t h e  r ibbons  running w i t h  t h e  flow ( f i g .  44)  
and pe rpend icu la r  t o  i t  ( f i g .  4 5 ) .  A s  w i th  t h e  s p l a s h  models,  some 
char c racks  were found between t h e  r ibbons ,  b u t  t h e s e  were n o t  
cont inuous,  a s  t h e  r ibbons  were e f f e c t i v e  i n  r e s t r a i n i n g  c rack  
propagat ion .  

The s p l i c e  a t  t h e  t r a i l i n g  edge of  t h e  model ( f i g .  4 4 )  w a s  a 
manufactur ing convenience and w a s  n o t  i n t ended  as a j o i n t  eva lu-  
a t i o n ,  a l though i t  d i d  per form q u i t e  s a t i s f a c t o r i l y .  I n t e r n a l l y ,  
t h e  char  performance w a s  t y p i c a l  f o r  t h e  s p l a s h - t e s t  models:  no 
cracks o r  subsu r face  vo ids  were found,  and a good r ibbon  bond w a s  
formed, a l though i n  t h i s  p a r t i c u l a r  view t h e  bond i s  n o t  shown. 
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Tes t  c o n d i t i o n s  

577 

11 700 
27.2 

.018 
182.5 

A i r  

Heat ing ratet  B tu / f tP - sec  
WIm2 

2000 

3900 
9 . 1  

--- 
--- 
A i r  

Heat ing t i m e ,  s e c  

Stream en tha lpy ,  Btu 
MJIkg 

P i t o t  p r e s s u r e ,  atm 
N/m2 

T e s t  gas 

5 5 - 4 1  in 
honeycomb 
c o r e ,  35 

3 0  
.34  

1 000 

11 7 0 0  
27 .2  

.018 
1 8 2 . 5  

A i r  

SS-41 
w i t h  
f i b e r s  

I I 
SS-41 

w i t h  f i b e r s  
and phenol ic-  

coa ted  r ibbons  i Perpend icu la r  

S S - 4 1  w i t h  f i b e r  
and phenol ic-  

coa ted  r ibbons  
p a r a l l e l  to f low , - -  

t o  f low,  3 8  
37* 37-1  I 

1 2  I 1 7  
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* T e s t  36 abor t ed  a t  577 seconds because 
because t h e  a r c  h e a t e r  f a i l e d .  

the arc h e a t e r  f a i l e d .  T e s t  37 abor t ed  a t  100 seconds 

?This  measurement is made approximately 5.04 c m  (2  in.) a f t  of  t h e  water-cooled l e a d i n g  edge. 

Note: 1. Stagna t ion  h e a t  f l u x  = 0 . 9 6  MW/m2 ( 8 5  B t u / f t 2 - s e c ) ,  

2. Enthalpy = 9 . 1  MJ/kg ( 3 9 0 0  Btu / lb ) .  

3 .  Gas mass f low = 0 . 0 1 8 2  kg / sec  ( 0 . 0 4  l b f s e c ) .  

4 .  Gas composition i s  e q u i v a l e n t  t o  a i r .  

5. Nose r a d i u s  = 3.17 cm ( 1 . 2 5  i n . ) .  

\, Theory 

T e s t  wedge 
a n g l e ,  2 0  deg 

n 
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+ Stream f low 

Figure  42.- SS-41 i n  Honeycomb Core, Wedge Model 

4 Stream flow 

F igure  4 3 . -  S S - 4 1  w i t h  F i b e r s ,  Wedge Model 
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. 

Figure 4 4 . -  SS-41 with Fibers and Phenolic-Coated Ribbons Parallel 
to Flow, Wedge Model 

9 Stream flow 

Figure 45.-  S S - 4 1  with Fibers and Phenolic-Coated Ribbons Perpendicular 
to Flow, Wedge Model 

79 



REUSABLE SUBPANEL 

I n c o r p o r a t i n g  a r e u s a b l e  subpanel  under  t h e  a b l a t i v e  p o r t i o n  
o f  a thermal  p r o t e c t i o n  sys tem reduces we igh t ,  c o s t ,  and r e f u r b i s h -  
ment t i m e .  

I n  t h i s  concept ,  t h e  a b l a t i v e  material is bonded t o  a s t r u c -  
t u r a l  subpanel .  A f t e r  a f l i g h t ,  re furb ishment  i n  t h e  f i e l d  would 
c o n s i s t  o f  removing t h e  pane l  and r e p l a c i n g  i t  w i t h  a new panel .  
The f i r s t  pane l  would b e  s e n t  t o  a re furb ishment  c e n t e r  where t h e  
spent  a b l a t i v e  material would be  s t r i p p e d  o f f  and a new a b l a t i v e  
panel  would be  bonded on. 
s e r v e  one o r  more s h i p s . )  

(A s p a r e  p a n e l  would b e  r e q u i r e d  t o  

C a l c u l a t i o n s  i n d i c a t e  t h a t ,  as t h e  o p e r a t i n g  tempera ture  o f  
a subpanel  i n c r e a s e s ,  t h e  o v e r a l l  weight  d e c r e a s e s .  For example,  
i f  an aluminum subpanel  i s  used and ope ra t ed  a t  421°K (300"F),  i t s  
o v e r a l l  weight ,  i n c l u d i n g  a b l a t o r ,  subpanel ,  and i n s u l a t i o n ,  i s  
3.61 l b / f t 2  (17.63 kg/m2>. However, a t i t a n i u m  p a n e l  o p e r a t i n g  
a t  644°K (700°F) has  an  o v e r a l l  weight  of  2.83 l b / f t 2  (13.81 kg/m2). 
This  weight  s a v i n g  r e s u l t s  from u s i n g  the rma l  i n s u l a t i o n  having  
a l o w e r  d e n s i t y  and c o n d u c t i v i t y  than  t h e  a b l a t o r  t o  resist t h e  
h e a t  f low t o  t h e  pr imary s t r u c t u r e .  F i g u r e  46 d e p i c t s  t h e  u n i t  
weight  of a b l a t o r  ve r sus  t o t a l  h e a t  f o r  t h r e e  subpanel  o p e r a t i n g  
tempera tures .  

I n  t h i s  s t u d y ,  w e  l i m i t e d  t h e  peak o p e r a t i n g  tempera ture  o f  
t h e  subpanel  t o  533°K (500°F). We f e e l  t h a t  t h i s  i s  t h e  h i g h e s t  
p r a c t i c a l  t empera ture  i f  t h e  subpanel  i s  t o  be  reused .  Higher  
tempera tures  would r e q u i r e  t h e  honeycomb t o  b e  bonded t o  t h e  
subpanel  w i th  a poly imide  f i l m  adhes ive  b e f o r e  be ing  f i l l e d  w i t h  
a b l a t i v e  material. Polyimide adhes ives  do n o t  f i l l e t  w e l l  t o  t h e  
c o r e ;  t h e r e f o r e ,  t h e  p a n e l s  would r e q u i r e  more adhes ive ,  and more 
weight ,  t han  i f  they  were made u s i n g  a s i l i c o n e  adhes ive .  
I n  a d d i t i o n ,  polyimide adhes ive  would b e  very  d i f f i c u l t  t o  remove 
f o r  refurbishment .  

Mat e rials 

The proper  choice  of  f a c i n g  and c o r e  material i s  o f  pr ime 
importance i n  s e l e c t i n g  a compe t i t i ve  subpane l  d e s i g n .  S in2e  pre-  
l iminary  s t u d i e s  show t h a t  a b l a t o r  s t r a i n  i s  one o f  t h e  most c r i t -  
i c a l  design c r i te r ia ,  a s t i f f  subpane l  is  needed t o  keep t h e  ab la-  
t o r  s t r a i n  t o  a minimum. 
t h i c k  co re  s e c t i o n  o r  a h igh-e las t ic -modulus  f a c i n g  material .  

Th i s  may b e  achieved  e i t h e r  by u s i n g  a 
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Because i n c r e a s i n g  t h e  c o r e  t h i c k n e s s  adds weight  and expense,  i t  
is d e s i r a b l e  t o  choose a f a c i n g  material w i t h  as h i g h  a modulus 
as is  economical ly  and p r a c t i c a l l y  f e a s i b l e .  I n  t h i s  s t u d y ,  w e  
examined a wide v a r i e t y  of  p o s s i b l e  f a c i n g  materials, r ang ing  

materials ( see  t a b l e  20).  

I 

from high-modulus, h igh-cos t  materials t o  low-modulus, low-cost . I  

HTS-Gemon L is  composed o f  high-elast ic-modulus , u n i d i r e c t i o n a l  
g r a p h i t e  f i b e r s  and polyimide r e s i n .  PED-49-111 i s  a DuPont uni-  
d i r e c t i o n a l  f i b e r  t h a t  h a s  twice t h e  modulus of  S-g lass  f i b e r s  a t  
45% less weight .  S-glass-phenol ic  f a c i n g  is  made from un id i r ec -  
t i o n a l  g l a s s  f i b e r s  and p h e n o l i c  r e s i n ,  and has  t w i c e  t h e  modulus 
o f  E-glass f a b r i c  a t  t h e  same weight .  E-glass-phenol ic  is a low- 
c o s t  f a c i n g  t h a t  u ses  woven g l a s s  f a b r i c  w i t h  p h e n o l i c  q e s i n .  
All o f  t h e s e  materials were analyzed as 533°K (500°F) systems.  
Ti tan ium w a s  ana lyzed  as a 533°K (500°F) sys tem and as a 644°K 
(700°F) system. 
422°K (300°F) system. 

Aluminum w a s  i nc luded  as a f a c i n g  material f o r  a 

Table 2 1  l i s ts  t h e  c h a r a c t e r i s t i c s  of  t h e  c o r e  materials t h a t  
were cons idered .  Glass-phenol ic  co re  w a s  used f o r  t h e  533°K (500°F) 
systems. Each f a c i n g  material w a s  s t u d i e d  i n  combinat ion w i t h  
t h r e e  d i f f e r e n t  honeycomb-core c e l l  s i z e s .  For t h e  421°K (300°F) 
system wi th  aluminum f a c i n g s ,  b o t h  aluminum core  and glass'phen- 
o l i c  c o r e  were used. For t h e  644°K (700°F) sys tems,  t i t a n i u m  core  
was used. Ti tan ium w a s  a l s o  s t u d i e d  as a 533°K (500°F) sys tem 
with g lass -phenol ic  co re  t o  de te rmine  what t h e  weight  p e n a l t y  
would b e  i n  o r d e r  t o  p rov ide  a metall ic f a c e  s h e e t  t h a t  would b e  
e a s i e r  t o  r e f u r b i s h .  We f e e l  t h a t  t h e s e  combinat ions are rep re -  
s e n t a t i v e  o f  t h e  range of p o t e n t i a l  subpanel  materials.  

Design.-  For stress a n a l y s i s ,  the b a s i c  concept  t h a t  w a s  con- 
s ide red  i s  a 50.8x50.8-cm (20x20-in.) p a n e l ,  s imply suppor t ed  by 
a frame on two s i d e s  and f r e e  o n  t h e  remain ing  two s i d e s .  
pane l  is f r e e  t o  s l i d e  a t  t h e  a t t achmen t  p o i n t s  i n  o r d e r  t o  avo id  
unnecessary l o a d s  i n  t h e  p l a n e  of  the pane l .  

The 

P re l imina ry  s t u d i e s  show t h a t  t h e  most c r i t i c a l  load  i s  t h e  
a i r  p r e s s u r e  l o a d ,  which r anges  from -19.3 W/m2 (-2.8 p s i )  t o  
+19.3 lcN/m2 (+2.8 p s i ) .  The maximum n e g a t i v e  load  o c c u r s  j u s t  
a f t e r  launch.  The maximum p o s i t i v e  load  o c c u r s  a t  maximum Q i n  
the  e n t r y  phase ,  a t  which p o i n t  the h e a t  p u l s e  h a s  n o t  had s u f -  
f i c i e n t  t i m e  t o  r e a c h  t h e  subpanel .  T h i s  a i r  p r e s s u r e  load  causes  l 

a maximum bending moment a t  t h e  c e n t e r  of t h e  p a n e l ,  midway between 
t h e  suppor t  f rames.  I n  t u r n ,  t h i s  bending moment de t e rmines  t h e  
f a c i n g  and c o r e  t h i c k n e s s .  For a d e t a i l e d  p i c t u r e  of t h e  p a n e l  
and edge members, see f i g u r e s  47 and 48. 



Material 

HTS-Gemon L 

PRD-49-111 

S-Glass-Phenolic 

E-Glass-Phenolic 

Aluminum 
Titanium Ti-6Aa- 
4v 

TABLE 21. - CORE MATERIALS 

Modulus, Ec Density 

U / m 2  lb/in.2 g/cm3 lb/in. 
137 x l o 6  20.0 x l o 6  1 .52  0.055 

86 12 .5  1 . 3 8  0.050 

48 7.0 1 .80  0.065 

27 4.0 1.80 0.065 

69 10.1 2.79 0 .lo1 

110 16 .O 4.42 0.160 

~ 

Price -1 

Cell size Density Modulus, E Price 
Material cm I in. 

Aluminum 

g/cm3 lb/in.2 

57 000 

46 000 

1 3  000 

93  000 

67 000 

4 3  000 

29 000 

I 4  on0 

Titanium 

$/kg 

55.10 

55.10 

Glass Phenolic 10 ,476  

0.635 HRP Hexcel 

0.952 

l b / f t 3  

4 .O 

3.5 

2.2 

3/16 1 0.064 

1 / 4  0.056 

3 / 8  0.035 

3 . 1  

2.6 

2.0 

1 . 6  

1 . 0  

0.317 

0.396 

0.476 

0.635 

4.9 

2 . 4  

1 . 7  

1 /8  0.049 

5/32 0.041 

3/16 0.032 

1 / 4  0.025 

kN/m2 

0.317 

0.635 

0.952 

393 000 

317 000 

90 000 

1/8 0.078 

1 / 4  0.038 

3 /8  0.027 

641 000 

961 000 

298 000 

20 000 

96 000 

786 000 

379 000 

268 000 

- 
S/lb 

25 .OO 

25 .OO 

-- 
60.00 
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i ng  
out 

Analys is .  - The p a n e l s  were ana lyzed  by c a l c u l a t i n g  t h e  bend- 
moments t h a t  could b e  a p p l i e d  t o  t h e  pane l  c ros s - sec t ion  with-  
caus ing  f a i l u r e .  Three modes of  f a i l u r e  were cons ide red :  (1) 

a s t r a i n  o f  1% i n  t h e  o u t e r  f i b e r s  o f  t h e  a b l a t o r ;  (2) f a i l u r e  o f  
t he  f a c i n g  by f a c e  w r i n k l i n g ;  and ( 3 )  f a i l u r e  o f  t h e  f a c i n g  by in-  
t r a c e 1 1  buckl ing .  
bending moments f o r  t h e s e  t h r e e  modes of  f a i l u r e  ( r e f .  6 )  are 

The equa t ions  used t o  de te rmine  t h e  a l lowab le  

(0.01) (IEO) (EF) 
(1 - CMU’) (YBAR) MAS = 

MFW = 0 . 3 3  [(EC) (EF) (TC)]1’2 (TT)3’2 

where MAS = moment a l lowab le  f o r  1% a b l a t o r  s t r a i n ,  MFW = moment 
a l lowable  f o r  f a c e  w r i n k l i n g ,  M I B  = moment a l lowab le  f o r  i n t r a -  
cel l  buck l ing ,  IEQ = moment o f  i n e r t i a  o f  p a n e l  c r o s s - s e c t i o n ,  
EF = Young’s modulus of  e l a s t i c i t y  of  t h e  f a c i n g  i n  t h e  d i r e c t i o n  
o f  the bending stresses, CMU = Poi s son’ s  r a t i o ,  YBAR = d i s t a n c e  
from c a l c u l a t e d  n e u t r a l  axis t o  o u t e r  f i b e r  o f  a b l a t o r ,  EC = 
smeared-out compressive modulus o f  t h e  c o r e  material , TC = t h i ck -  
n e s s  o f  t h e  c o r e ,  TT = t h i c k n e s s  o f  t h e  f a c i n g ,  and S = c e l l  s i z e  
o f  the  honeycomb co re .  

To per form t h i s  t r a d e o f f ,  w e  developed a computer o p t i m i z a t i o n  
program t o  do a weight  s tudy  o f  honeycomb sandwich-abla tor  t h e r -  
m a l  p r o t e c t i o n  systems.  The program de te rmines  t h e  optimum honey- 
comb co re  t h i c k n e s s  and edge frame t h i c k n e s s  f o r  a v a r i e t y  of  d i f -  
f e r e n t  f a c e  t h i c k n e s s e s .  The p r i n t o u t  i n c l u d e s  we igh t s  and material  
p r i c e s  f o r  each opt imized  c o n f i g u r a t i o n .  A range  o f  f a c i n g  mate- 
r ia ls  and c o r e  combinat ions w a s  ana lyzed .  

Resul t s . -  The r e s u l t s  of  t h i s  s t u d y  have been  p l o t t e d  on 
t h r e e  graphs t h a t  show how t h e  d e s i g n  o f  t h e  p a n e l  i n f l u e n c e s  i t s  
weight.  Each graph is  based on a f a c t o r  o f  s a f e t y  o f  one ,  o r  a 
margin o f  s a f e t y  of  ze ro .  Each p a n e l  h a s  been opt imized  by hold- 
i n g  the  f a c i n g  t h i c k n e s s ,  o r  c e l l  s i z e ,  o r  c o r e  t h i c k n e s s  con- 
s t a n t  and changing t h e  o t h e r  v a r i a b l e s  t o  produce  t h e  l i g h t e s t  
des ign  p o s s i b l e .  

The curves  i n  f i g u r e  49 show t h a t  f o r  each  type  of  p a n e l  t h e r e  
is a minimum weight  cor responding  t o  a s p e c i f i c  f a c e  t h i c k n e s s .  
I f ,  f o r  h a n d l i n g  purposes  o r  some o t h e r  r e a s o n ,  a d i f f e r e n t  f a c i n g  
th ickness  must b e  used ,  t hen  t h e  weight  of  t h e  p a n e l  must b e  in -  
c r eased ,  as shown on t h e  graph. 
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Legend : 

1 HTS - Gemon L f a c i n g  and g l a s s  p h e n o l i c  co re ,  0.64-cm 
(%-in.) c e l l  s i z e  

2 PRD-49-111 f a c i n g  and g l a s s  pheno i i c  co re ,  0.54-cm 
(%-in.) c e l l  s i z e  

3 S-glass pheno l i c  f a c i n g  and g l a s s  p h e n o l i c  c o r e ,  
0.64-cm (%-in.) ce l l  s i z e  

4 E-glass pheno l i c  f a c i n g  and g l a s s  pheno l i c  c o r e ,  
0.64-cm (%-in.) c e l l  s i z e  

5 Titanium Ti-6AL-4V f a c i n g  and g l a s s  pheno l i c  
co re ,  0.48-cm (3/16-in.)  ce l l  s i z e  

6 Aluminum 2014-T6 f a c i n g  and aluminum core ,  
0.32-cm ( i i 8 - i n . j  ce l l  size 

7 Titanium Ti-6AL-4V f a c i n g  and aluminum c o r e ,  
Ti-3Ak-ZkV core ,  3003 A.E b r a z e ,  0.64-cm (%-in.) 
c e l l  s i z e  

Note: Subpanel weight  i nc ludes  weight  of edge members and f a s t e n e r s .  

05 .010 .015 
Facing t h i c k n e s s ,  i n .  

.020 

I 

.0127 .02 .03 .04 .05 
Facing t h i c k n e s s ,  cm 

Figure  49.- Subpanel Weight vs Facing Thickness 



Figure  50 shows t h a t ,  f o r  f i b r o u s  f a c i n g s  w i t h  a g l a s s -pheno l i c  
co re ,  t h e  l i g h t e s t  p a n e l  can b e  ob ta ined  by u s i n g  a 0.635-cm (1/4- in . )  
c e l l  s i z e .  I f  aluminum o r  t i t a n i u m  metal l ic  f a c i n g s  are used,  t h e  
smallest c e l l  s i z e  ana lyzed  p rov ides  t h e  l i g h t e s t  p a n e l ,  under  the 
c o n d i t i o n s  used.  

The graph of  subpanel  weight  ve r sus  c o r e  t h i c k n e s s  ( f i g .  51) 
a l s o  shows t h a t  t h e r e  is an optimum p o i n t  f o r  each type  o f  pane l .  
This  co re  t h i c k n e s s  corresponds t o  t h e  optimum f a c i n g  t h i c k n e s s  
d i scussed  p rev ious ly .  

The d a t a  ob ta ined  from t h i s  s tudy  i n d i c a t e  t h a t  t h e  l i g h t e s t  
r e u s a b l e  pane l  would have g r a p h i t e  polyimide f a c e  s h e e t s  and g l a s s -  
p h e n o l i c  honeycomb core .  
modulus would r e q u i r e  h e a v i e r  p a n e l s  t o  l i m i t  t h e  a l lowab le  de- 
f l e c t i o n .  
m a t e r i a l  c o s t  o f  t h e  f a c e  s h e e t  q u i c k l y  amor t izes  o v e r  t h e  p a n e l  
l i f e .  Manufactur ing l a b o r  c o s t s ,  which would b e  s i m i l a r  f o r  any 
f a c e  s h e e t  material, w i l l  t end  t o  even o u t  t h e  o v e r a l l  p a n e l  c o s t  
r e g a r d l e s s  o f  t h e  r a w  materials used. The re fo re ,  from an engin-  
e e r i n g  s t a n d p o i n t ,  w e  recommend u s i n g  t h e  l i g h t e s t  pane l  des ign  
For t h i s  a p p l i c a t i o n .  
47 and 48. 
members, f a s t e n e r s ,  and adhes ive ,  i s  e s t i m a t e d  t o  be  about  2.54 
kg/m2 (0.52 l b / f t 2 ) .  

Other  f a c e  ,sheet materials w i t h  a lower 

S ince  t h e  p a n e l s  are cons idered  t o  b e  r e u s a b l e ,  t h e  r a w  

Our recommended d e s i g n  is shown i n  f i g u r e s  
The o v e r a l l  weight  of  t h e  subpanel ,  i n c l u d i n g  edge 

I n t e g r a l  I n s u l a t i o n  

We had hoped t h a t  w e  could  i n c o r p o r a t e  t h e  r e q u i r e d  i n s u l a t i o n  
i n s i d e  t h e  ce l l s  of  t h e  honeycomb c o r e ,  s i n c e  t h i s  would have pro- 
v ided  a more convenient  des ign .  However, thermal  a n a l y s e s  ind ica -  
t e d  t h a t  w e  would need a t  l e a s t  2.92 cm (1.15 i n . )  o f  i n s u l a t i o n .  
Looking a t  f i g u r e  49,  w e  f i n d  t h a t  p a n e l  weight  i n c r e a s e s  s h a r p l y  
w i t h  t h i c k n e s s .  For example, t o  u se  t h e  l a r g e - c e l l - s i z e ,  9-mm 
(3 /8- in . )  co re  w i t h  g r a p h i t e  face s h e e t s ,  t h e  weight  o f  t h e  sub- 
pane l  would have t o  b e  i n c r e a s e d  by 38% j u s t  t o  accommodate t h e  
i n s u l a t i o n .  
s i g n  i n  which t h e  i n s u l a t i o n  w a s  behind  t h e  subpanel .  

Because of t h e  imposed weight  p e n a l t y ,  w e  used a de- 

F a s t e n e r s  

A test w a s  run ,  under t h e  Cr i t i ca l  Defec t s  Program, w i t h  h o l e s  
d r i l l e d  through t h e  a b l a t o r  t o  t h e  back  face s h e e t .  
were n o t  plugged,  b u t  l e f t  open. Dur ing  t h e  plasma a rc  tes t ,  t h e  
tempera ture  of t h e  back face w a s  monitored by thermocouples  under 
the  h o l e s  and a d j a c e n t  t o  t h e  h o l e s .  

These h o l e s  

There w a s  no d i f f e r e n c e  i n  
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Legend: 

HTS - Gemon L f a c i n g  and glass p h e a o l i c  co re ,  
0.64-cm (1/4-in.)  c e l l  s i z e  

PRD-49-111 f a c i n g  and g l a s s  pheno l i c  co re ,  
0.64-cm (1/4-in.)  ce l l  s i z e  

S-glass p h e n o l i c  f a c i n g  and g l a s s  pheno l i c  
co re ,  0.64-cm (1/4-in.)  ce l l  s i z e  

E-glass p h e n o l i c  f a c i n g  and g l a s s  pheno l i c  
co re ,  0.64-cm (1/4-in.)  ce l l  s i z e  

Titanium Ti-6AR-4V f a c i n g  and g l a s s  pheno l i c  
core ,  0.48-cic (3!16-in .) ce l l  s i z e  

Aluminum 2014-T6 f a c i n g  and aluminum core ,  
0.32-cm ( l /B-in.)  ce l l  s i z e  

Figure 50.- Subpanel Weight vs C e l l  S i ze  

89 



1.C 

C 
.1 

. L  

., 

.( 

I .. 

. I  

._ 

. 2  

.I 

0 

Note: 1. Facing designations: 

1 - HTS-Gemon L 
3 - S-glass phenolic 
4 - E-glass phenolic 
5 - Titanium 
Core designation Hexcel HRF' 3 1 8 - 2 . 2 .  

layers of adhesive; honeycomb core; additional 
face material on unsupported edges; frame and 
fasteners. 

2 - PRD-49-111 

2 .  

3. Subpanel weight includes: Two face sheets; two 

I I 
1.00 2 . 0 0  

Core thickness, in. 
3.00 

I 1 I 1 

0 1 2 3 4 5 6 7 a 
I 

Core thickness, cm 

Figure 51.- Subpanel Weight vs Core Thickness 
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temperature f o r  h o l e s  up t o  4.8 nun (0.189 i n . )  i n  d i ame te r .  This 
concept  i s  known t o  work on a n  ABM v e h i c l e  p r e s e n t l y  be ing  flown. 
This  means t h a t ,  i f  a quick-disconnect f a s t e n e r  i s  used, only a 
s m a l l  h o l e  i s  r e q u i r e d  f o r  a c t i v a t i o n ,  and t h e  h o l e  does n o t  need 
t o  be  plugged. This g r e a t l y  s i m p l i f i e s  f i e l d  r e fu rb i shmen t  and 
e l i m i n a t e s  having  t o  manufacture plugs.  Our proposed p a n e l  i nco r -  
p o r a t e s  t h i s  type of des ign .  The p r e s e n t  Camloc f a s t e n e r  has  a 
P h i l l i p s  head, b u t  i n  p roduc t ion  i t  would b e  r edes igned  t o  use 
a n  A l l e n  head. 

P r o c e s s  

A ,  B ,  C ,  D ,  o r  E 

Refurbishment 

Number of p a n e l s  

1 10 100 1000 

$/m2 $ / f t 2  $In2 $ / f t 2  $/m2 $ / f t 2  $/m2 $ / f t 2  

1 7 4  16.13 148 13.73 110 10.22 73.40 6.82 

Two 30.5x30.5-cm (12x12-in.) honeycomb p a n e l s  were made. One 

These two pane l s  were used t o  de te rmine  i f  
p a n e l  had aluminum f a c e  s h e e t s  and t h e  o t h e r  p a n e l  has  g l a s s -  
p h e n o l i c  f a c e  s h e e t s .  
t h e r e  w a s  any d i f f e r e n c e  i n  re furb ishment  t i m e  between p a n e l s  w i t h  
a meta l l ic  f a c e  s h e e t  and those  wi th  a composite f a c e  s h e e t .  

Ten a b l a t i v e  p a n e l s ,  each 2.5 cm ( 1  i n . )  t h i c k ,  were then  
p repa red  us ing  t h e  80120 mix tu re  and bonded t o  t h e  subpane l s .  
s i m u l a t e  the  c o n d i t i o n  of a n  a b l a t i v e  p a n e l  a f t e r  f l i g h t ,  t h e  
p a n e l s  were c h a r r e d  w i t h  a n  oxygen-acetylene t o r c h  ( f i g .  52) .  
Next,  t h e  cha r red  a b l a t i v e  m a t e r i a l  was removed down t o  t h e  ad- 
h e s i v e  l i n e  w i t h  a modi f ied  commercial power p l a n e  ( f i g .  53) t h a t  
cou ld  c u t  up t o  1.3 c m  (0.5 i n . ) .  To remove t h e  remaining m a t e -  
r i a l ,  t h e  p a n e l s  were p l a c e d  i n  an oven, h e a t e d  t o  422°K (300"F),  
and sc raped  with a p l a s t i c  s c r a p e r .  W e  found t h a t  h e a t i n g  a ided  
t h e  s c r a p i n g  o p e r a t i o n .  

To 

Each subpanel  w a s  r e f u r b i s h e d  f i v e  t i m e s .  The p rocess  p l a n  
and t h e  d i r e c t  t i m e s  f o r  each of t h e  r e fu rb i shmen t  o p e r a t i o n s  are 
r e p o r t e d  i n  Appendix B. These t i m e s  r e p r e s e n t  t h e  average  t i m e s  
f o r  t h e  10  r e fu rb i shmen t s  and have been f a c t o r e d  t o  correspond 
t o  t h e  r e fu rb i shmen t  t i m e s  f o r  a 61x122x5.1-cm (2x4-ft  x 2-in.)  
pane l .  

Using t h e  d a t a  from t h i s  study w e  est imated the c o s t s  of re- 
f u r b i s h i n g  f l a t  subpanels .  These c o s t s  are i t e m i z e d  i n  t a b l e s  8 
through 11, and are summarized below. 
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Figure 53.- Modified Commercial Plane 
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Bond T e n s i l e  T e s t  

Cons ider ing  t h e  low t e n s i l e  s t r e n g t h  r e q u i r e d  between t h e  
a b l a t o r  and t h e  v e h i c l e  o r  subpanel ,  w e  f e l t  t h a t  f i r s t  bonding 
t h e  c o r e  t o  a f a c e  s h e e t  w a s  n o t  necessary .  A test  run  u s i n g  a 
s i l i c o n e  adhes ive  i n d i c a t e d  t h a t  from 172°K (-150°F) t o  533°K 
(500°F) t h e  f a i l u r e  w a s  i n  t h e  a b l a t o r  and c o r e  r a t h e r  t han  i n  
t h e  bond. Above 533°K (500"F), t h e  a b l a t o r  and s i l i c o n e  adhes ive  
are cons ide red  t o o  weak; t h e r e f o r e ,  i t  would b e  necessa ry  t o  f i r s t  
bond t h e  r e in fo rcemen t  t o  a f a c e  s h e e t  o r  subpane l  w i t h  a high- 
t empera tu re  adhes ive  b e f o r e  l o a d i n g  and c u r i n g  t h e  a b l a t i v e  mix- 
t u r e .  These adhes ive  are ha rd  and d i f f i c u l t  t o  remove f o r  r e f u r -  
bishment purposes .  

The re fo re ,  t o  s i m p l i f y  re furb ishment  and p rov ide  adequate  
s t r e n g t h ,  w e  recommend us ing  a secondary s i l i c o n e  bond t o  a t t a c h  
t h e  a b l a t o r  p a n e l  t o  t h e  subpanel .  The s i l i c o n e  bond used i n  
t h i s  s t u d y  exceeded t h e  o r i g i n a l  NASA requi rement  of 6.9 kN/m2 
(1 p s i )  over  t h e  tempera ture  range  of  172°K (-150°F) t o  533°K 
(500"F), as s p e c i f i e d  i n  RFP-L17-668. 
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CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

P a n e l  c o s t s  can b e  s u b s t a n t i a l l y  reduced i f  t h e  honeycomb c o r e  
p r e s e n t l y  be ing  cons ide red  f o r  t h e  S h u t t l e  i s  r e p l a c e d  w i t h  a 
lower-cost  r e in fo rcemen t .  

The c o n t r a c t o r s  working under p rev ious  Low-Cost A b l a t i v e  Pane l  
F a b r i c a t i o n  c o n t r a c t s  used similar f a b r i c a t i o n  t i m e s ,  b u t  t h e i r  
quoted p r i c e s  v a r i e d  g r e a t l y .  

‘ I  

The l e a r n i n g  cu rve  s e l e c t e d  f o r  t h e  p r i c i n g  estimates w i l l  g r e a t -  
l y  i n f l u e n c e  t h e  quoted p a n e l  p r i c e .  I f  t h e  c o s t  of t h e  f i r s t  
pane l  i s  $100, t h e n  t h e  ave rage  c o s t  f o r  100 p a n e l s  could  e i t h e r  
be  $49.66, $57.47, o r  $71.12, depending on whether  t h e  90%, 92%, 
o r  95% curve  were used. 

I 

The a u t h o r  b e l i e v e s  t h a t  a 92% l e a r n i n g  cu rve  should  b e  used. 

F i v e  d i f f e r e n t  p a n e l  f a b r i c a t i o n  methods were expe r imen ta l ly  
e v a h a t e d  and p r i c e d  o u t .  The most expens ive  method w a s  t h e  
method developed under a p r e v i o u s  Low-Cost A b l a t i v e  Heat S h i e l d s  
f o r  Space S h u t t l e s  c o n t r a c t  (ref. 1 ) ;  f o r  100 p a n e l s  t h e  average  
c o s t  w a s  $963/m2 ( $ 8 9 . 5 0 / f t 2 ) .  The lowes t  ave rage  c o s t  f o r  100 
p a n e l s  w a s  $569/m2 ( 5 2 . 8 7 / f t 2 ) ,  and w a s  o b t a i n e d  by u s i n g  f i b e r  
re inforcement .  Our recommended p a n e l ,  which u s e s  r ibbon  r e i n -  
forcement ,  had a n  ave rage  c o s t  of $666/m2 ($61 .86 / f t2 )  f o r  100 
pane l s .  

To e l i m i n a t e  t h e  h igh  c o s t s  i nvo lved  i n  us ing  honeycomb c o r e ,  
w e  developed a p rocess  f o r  f a b r i c a t i n g  p a n e l s  by u s i n g  f i b e r g l a s s  
r ibbons  f o r  r e in fo rcemen t  i n s t e a d  of honeycomb c o r e .  P h e n o l i c  
p rep reg  f i b e r g l a s s  r ibbons  u s i n g  a pr imary bond c o n s i s t e n t l y  
produced l i g h t e r  pane l s  t han  s i l i c o n e  p r e p r e g  r ibbons .  

Our s t u d i e s  showed t h a t  a b l a t i v e  p a n e l s  c o n t a i n i n g  up t o  15% of 
1.3-cm (0.5-in.)  long  f i b e r g l a s s  f i b e r s  cou ld  b e  made. Th i s  
c o n s t r u c t i o n  technique  e n t i r e l y  e l i m i n a t e d  t h e  t i m e s  and c o s t s  
a s s o c i a t e d  w i t h  us ing  honeycomb c o r e  f o r  r e in fo rcemen t .  * I  

8. The h igh  sp r ingback  of  t h e  a b l a t i v e  material (up t o  19%)  a f t e r  
r e l e a s i n g  t h e  compacting p r e s s u r e  w a s  a t t r i b u t e d  t o  t h e  deforrn- 
a t i o n  of t h e  microspheres .  
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9. The sp r ingback  can be reduced by s u b s t i t u t i n g  g l a s s  microspheres  
f o r  some of t h e  pheno l i c  microspheres.  

10. The g l a s s  microspheres  s u p p l i e d  by 3M con ta ined  s u l f u r ,  which 
i n h i b i t e d  t h e  c u r i n g  of t h e  s i l i c o n e  r e s i n .  The g l a s s  micro- 
sphe res  s u p p l i e d  by Emerson & Cuming d i d  n o t  i n h i b i t  t h e  cu re .  

11. V i b r a t i n g  t h e  material d i d  n o t  ass i s t  i n  moving i t  i n t o  t h e  
core .  Impact l oad ing  w a s  found t o  b e  a b e t t e r  l oad ing  method. 

12. C e n t r i f u g a l  losing gave p a n e l s  wi th  t h e  most uniform d e n s i t y  
from f r o n t  t o  back, b u t  gave a lower-density p a n e l  [0 .221 gm/cm3 
(13.8 l b / f t 3 ) ,  compared w i t h  t h e  normal 0.256 gm/cm3 (16 l b / f t 3 ) ]  
f o r  t h e  SS-41 p a n e l s .  

13. I s o s t a t i c  p r e s s u r e  load ing  proved t h e  least time-consuming meth- 
od of a l l  t h e  t echn iques  t h a t  were i n v e s t i g a t e d .  

14. Large-ce l led  [1.9-cm (0.75-in.)]  c o r e  took less time t o  load  
t h a n  t h e  conven t iona l  0.95-cm (3/8-in.)  co re .  I n  t h e  plasma 
arc tests, no d i f f e r e n c e  i n  thermal  performance could  b e  found 
from u s i n g  t h e  two c e l l  s i z e s .  

15. Of a l l  t h e  f i l l e r  a d d i t i v e s  t e s t e d  i n  t h p  plasma a r c ,  f i b e r s  
were t h e  most b e n e f i c i a l  i n  s t a b i l i z i n g  t h e  a b l a t i v e  cha r .  
These a l s o  improved t h e  char 's  thermal  e f f i c i e n c y .  

16.  Adding g l a s s  microspheres  t o  t h e  p h e n o l i c  microspheres  s t r e n g t h -  
ened t h e  c h a r ;  b u t  a t  levels above 25%, they lowered i t s  thermal  
e f f i c i e n c y .  

17. Graph i t e - f i l amen t  f a c e  s h e e t  composites gave t h e  l i g h t e s t  sub- 
p a n e l s .  
compared w i t h  a weight of 3.52 kg/m2 (0.72 l b / f t 2 )  f o r  subpane l s  
w i t h  a g l a s s  iace sheet,  

T h e i r  u n i t  weight was  on ly  2.54 kg/m2 (0.52 l b / f t 2 ) ,  

18. The test program d e f i n i t e l y  proved t h e  f e a s i b i l i t y  of r e f u r b i s h -  
i n g  s t r u c t u r a l  subpanels  combined w i t h  a b l a t i v e  p a n e l s .  The 
p r o j e c t e d  average  c o s t  f o r  100 r e u s a b l e  p a n e l s  w a s  e s t i m a t e d  
t o  b e  $110/m2 ( $ 1 0 . 2 2 / f t 2 ) .  
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Recommendations 

1. Continue to optimize both the ribbon-reinforced and the fiber- 
reinforced ablative panels. This should be done through a ma- 
terial charring program and an extensive plasma arc evaluation. 

Use a refurbishable subpanel with an operating back face temper- 
ature of 533°K (500'F) for the Space Shuttle TPS. 

2. 

3 .  Continue the subpanel design evaluations and conduct a structur- 
al test on the chosen design. 

Martin Marietta Corporation 
Denver, Colorado 

April 2 4 ,  1972 

96 



APPENDIX A 

MANUFACTURING PLAN AND TIME STUDY 
FOR 

FABRICATION METHOD FOR 
ABLATIVE HEAT SHIELE 
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APPENDIX A 

Mate r ia l  s : 

A 90 pbw Phenol ic  Microspheres; 10 pbu S i l i c o n e  Resin; 
s tandard core w i t h  Face sheet 

50 pbw Phenol ic  Microspheres; 15 pbw Glass Microspheres; 10 pbw 
ny lon powder; 25 pbu S i l i c o n e  Resin; s tandard core w i t h  porous 
Face sheets 

B 

C .  50 pbw Phenol ic  Microspheres; 15 pbw Glass Microspheres; 10 pbw 
ny lon  powder. 25 pbw S i l i c o n e  Resin; Large c e l l  co re lno  Face sheet 

0 50 pbw Phenol ic  Microspheres; 15 pbw Glass Microspheres; 
10 pbw powder; 25 pbw S i l i c o n e  Resin; 15 pbw g lass  f i b e r s  

E 35 pbw Phenol ic  Microspheres; 25 pbn Glass Hicrospheres;  10 pbn 
ny lon  powder; 10 pbw g lass  f i be rs ;  20 pbw S i l i c o n e  Resin; Ribbon 
re in forcement  cons t ruc t i on .  

Method 

Lay out o u t e r  sur face p r o f i l e  o f  
core ma te r ia l  and holes per  drawing 
Hand-cut co re  t o  l a y o u t  us ing dough 
c u t t e r  and punch holes us ing ( rubber  
type)  hand punch 
Clean core ma te r ia l  by b lowing w i t h  
d r y  n i t rogen or f i l t e r e d  a i r .  
Vapor degrease core m a t e r i a l ,  
- subnerge i n  vapors on l y  

Wrap core ma te r ia l  i n  po l y  bag u n t i l  
use. 
Wipe too ls  w i t h  s a f e t y s o l v e n t  t o  
c lean  and prepare f o r  bond, apply  
re lease agent t o  t o o l ,  mold t o o l s  
requi red 
Remove prepreg frm r e f r i g e r a t o r  
L e t  warm t o  rom temperature, hand 
c u t  2  pieces of  prepreg t o  s u i t  
no ld  too l  ( 2  th ickness requ i red )  

Wan  up prepreg. c u t  1 p l y  
S t a r t  panel layup.  l a y  prepreg on 
t o o l ,  r o l l  o u t  wr ink les,  s t r i p  
p ro tec t i ve  f i l m  frm prepreg and 
apply  second l a y e r  same as f i r s t .  
Layout prepreg on tool and smooth 
ou t  wr ink les 
I n s t a l l  umld on top of prepreg layup 
I n s t a l l  clean honeycomb core ma- 
t e r i a l  on prepreg layup on t o o l  
P lace bleeder c l o t h  ( f i b e r g l a s s )  
Over core m t e r i a l  
Apply vacuum bag over assembly. 
seal w i t h  tape and p u l l  f u l l  vacurn 

Place vacuum sealed assembly i n t o  
oven 
Cure a t  436'K (325.F) f o r  7200 sec 
(2 h r )  a t  temperature - 
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APPBNDIX A 

Method 

Remove assembly from oven and l e t  
cool  under vacuum t o  338°K (150'F) 
minimum before removing assembly 
t o  cool  

Hand d r i l l  0.0031 m ( l / 8  i n . )  d ia.  
holes t h r u  face sheet a t  (approx.) 
center o f  each honeycomb c e l l ,  
approximat ly 7000 holes i n  panel, 
requ i re  special  carbide d r i l l s .  
p lus 6 at tachrent  holes, 0.0015 m 
(1/16 i n .  holes a t  I / sec)  
Wrap subassembly i n  k r a f t  paper 
u n t i l  used 

Dry phenol ic microspheres mater ia l  
7200 sec ( 2  h r )  a t  355'K (180°F) 
under vacuum i n  a so l ids  processor 
Al low mater ia l  t o  cool t o  333°K 
(140°F) under vacuum before re -  
moving frm processor 
Screen phenol ic microspheres t o  
r m v e  conglomerates. 

S tore  phenol ic microspheres mater ia l  
i n  a desiccated sealed container 
when no t  used immediately 

Measure t o o l  t o  determine volume i n  
cubic inches 

Determine t o t a l  n.ateria1 required 
t o  f i l l  mold 

Break t o t a l  mater ia l  f i g u r e  down 
i n t o  requ i red  percentages f o r  
appropr ia te  panel fonnulat ion.  
Weigh ou t  appropr iate m t e r i a l s  
Weigh s i l i c o n e  r e s i n  ana 
c a t a l y s t  i n t o  a small p lanetary  
mixer 

Add equal anmunt of heptane t o  mixer 
as s i l i c o n e  r e s i n  and c a t a l y s t  
Mix f o r  600 sec (IO minutes) 

Place weighed amount of dry 
phenol ic microspheres i n t o  la rge  
Planetary vacuum mixer. add h a l f  of 
mixed r e s i n  and c a t a l y s t  mixture t o  
phenol ic microspheres and mix 120 
sec (2 minutes) 
Add remainder o f  r e s i n  and c a t a l y s t  
mix t o  phenol ic microspheres 

Apply f u l l  vacuum t o  mixer and mix 
for add i t iona l  2700 sec (45 minutes) 

(This operat ion t lasnes o i i  s o : v ~ n t )  
Slowly add dry  phenol ic microspheres 
t o  r e s i n  c a t a l y s t  mix tu re  un t *  
small p lanetary i s  f u l l  
Place remaining phenol ic micro- 
spheres i n t o  la rge  Hobart p lanetary 
a long w i t h  res in /ca ta lys t /wet ted  
phenol ic microspheres mixture;  be 
sure t o  scrape small p lanetary  
beater and pot.  mix f o r  300 sec 
(5 minutes) 
Add f ibers  t o  mixer and mix f o r  
300 sec ( 5  minutes) 
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i APPENDIX A 

Method 

Add appropr iate amount o f  g lass 
bubbles t o  mixer and mix f o r  300 sec 
(5  minutes) 
Add appropr iate amount of nylon 
powder t o  mixer and mix f o r  300 sec 
(5  minutes) 
A f te r  i ng red ien ts  a re  mixed, check 
f o r  excess conglomerates i n  mix, 
f i b e r s  gathered on po t  w a l l  o r  on 
beater, r e s i n l c a t a l y s t  concen- 
t r a t i o n  on bottom of mixer pot.  
Blow panel subassembly c lean w i t h  
d r y  ni t rogen o r  f i l t e r e d  a i r .  
Remove wrappings from core 
Spray primed panel and core w i t h  
OC1200 s i l i c o n e  pr imer 

pillow primer t o  d r y  7200 sec (2 h r )  
ninimum t o  43.200 sec (12 h r )  maximun 

Record data and t ime panel was 
primed 
Yix wet coat,  mix 90% s i l i c o n e  
res in ,  10% c a t a l y s t  and heptane 
equal t o  10% of r e s i n  and c a t a l y s t  
i n  a small p lane ta ry  mixer f o r  
600 sec (10 minutes) 
Spray wet coa t  m ix tu re  on i n s i d e  o f  
honeycomb core,  four coats r e -  
quired, tw c ross  coats each 
i i r e c t i o n  
l i p  panel w i t h  phenol ic,  a l l ow  t o  
j r a i n .  place i n  338'K (150°F) oven 
f o r  1800 sec (30 minutes) 
:lean panel, cure,  frame t o o l  
I\pply f i be r  l a s s  bleeder c l o t h  on 

Spray bleeder c l o t h  w i t h  Te f lon  
release agent 
Place mold on t o p  o f  b leeder 
: l o t h  
p o s i t i o n  care panel w i t h  face sheet 
,n bleeder c l o t h  on t o o l  
I n s t a l l  p i c tu re  frame p a r t  o f  t o o l  

Jeigh out appropr iate amount o f  
M t e r i a l  f o r  g i ven  panel 
Dlace a l l  ma te r ia l  i n t o  mold and 
spread evenly, l i g h t l y  hand pack 
4 t h  wooden tamper 
Place ab la t i ve  ma te r ia l  between 
side frame o f  t o o l  and panel edge; 
Dack ab la t i ve  ma te r ia l  around 
i t t a c h e n t  holes 
'lace t r a p  door over layup 
l e i g h  mixture o u t  and p lace  
i m u n t  of m i x  on assembly t o  f i l l  
:ore and extend above co re  approx- 
Ima t l y  0.012 I (I, i n )  a f t e r s p r e a d i n g  
i v e n l y  i ns ide  p i c t u r e  frame p a r t  of 
too1 
?move t r a p  door and press ma te r ia l  
i n t o  honeycomb by hand w i t h  wooden 
tamper 

t o o l  (2-plJ 
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APPENDIX A 

I 
Method I 

mate r ia l  i n t o  p i c t u r e  frame, spread 
evenly and press i n t o  honeycomb w i t h  
vaoden tamper u n t i l  a l l  c e l l s  a re  
f i l l e d  t i g h t l y  and evenly compacted 

F i l l  m l d  (no t  p i c t u r e  frame) w i t h  
m a t e r i a l ,  spread evenly and l i g h t l y  
handpack w i t h  wooden tamper 

Place honeycomb on top  of ma te r ia l  
and p lace  layup onto a hyd rau l i c  
press 
Using hyd rau l i cs ,  s low ly  press honey- 
comb i n t o  a b l a t i v e  ma te r ia l  u n t i l  
f l u s h  w i t h  top o f  mold 

Remove layup  from press and i n s t a l l  
t op  p i c t u r e  frame onto mold 

Add balance o f  m ix tu re  and spread 
evenly over area of assembly 

Place vacuum bag over assembly, seal  
and p u l l  f u l l  vacuum 

Place vacuum bag ovev assembly. seal  
and p u l l  50 640 nlm2 15 i n .  Hg (C 
vacuum) 
V ib ra te  assembly t o  s e t t l e  m ix tu re  
i n t o  o r  0.0015 m (1/16 i n . )  above co re  
m a t e r i a l  us ing  r i v e t  bucking a i r  
t o o l  w i t h  a l a r g e  head 
Apply 6.89 x 105 nIm2 100 p s i  auto- 
c lave  pressure t o  p a r t  w h i l e  under 
f u l l  vacuum 

---do no t  crush core. 
??ace srsernhly and t o o l  i n t o  oven 
and cu re  57 600 sec (16 h r )  a t  
394'K (250°F) under f u l l  vacuum 

Cure assembly 57 600 sec (16 h r )  6394-1 
(250°F) under 50 640 n/m2 15 i n .  Hg 

Remove assembly f rom oven and cool  
under vacuum t o  340°K (150'F) minimum 
before removing assembly from t o o l  

Use wood hand plane and remove excess 
m a t e r i a l  down t o  core 0.0508 m ( 2  i n . )  
f i n i s h  by sanding w i t h  8 0 - g r i t  
emery c l o t h  

Saw pe r iphe ry  o f  assembly per l a y o u t  
on band saw and take dens i t y  
S l i c e  t r imned panel i n to0 .013  m (4  i n .  
s t r i p s ,  us ing  band saw 
4 + r  c10.n n n13 m ( $  in.) a b l a t o r  
s t r i p s  

Cut requ i red  number of 91 I d  s t r i p s  

Lay up b i l l e t  i n  s i d e  l am ina t ing  t o o l :  
(a )  a b l a t o r  s t r i p ,  (b)  91 I d  S t r i p ,  
( c )  a b l a t o r  s t r i p ,  (d)  911d s t r i p ,  

, t o  f i t  lamina t ing  twl 

1 e t c .  
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APPENDIX A 

Method 

I n s t a l l  spacers a t  each end o f  t o o l ,  
I nd  wrap e n t i r e  t o o l  i n  bleeder 
: l o th .  Bag e n t i r e  assembly and p u l l  
iacuurn ensur ing t h a t  spacers push 
, i l l e t  i n t o  t o o l  from each end. 

,lace layup i n t o  autoclave and cure 
i nde r  f u l l  vacuum f o r  7200 sec (2 h r )  
a 436°K (325°F) w i t h  35 p s i  a d d i t i o n a l  
i u toc lave  pressure 

l l l o w  t o  cool  f o r  3600 sec (1 h r )  
j f t e r  cure i s  complete 

kmove cured panel f rom t o o l ,  t r i m  
to des i red  dimensions and take  den- 
s i t y  record 

:arbide t i pped  saw blades requ i red  
and dus t  c o l l e c t o r  equipment saw 

amove Tef lon t o o l i n g  plugs from 
assembly 

Open p i l o t  holes a t  p lug  l oca t i ons  
to  drawing dimensions through face  

Drill attachment holes 

Spray one coa t  o f  s i l i c o n e  d i spe rs ion  
(DC92007) on complete assembly 

Allow assembly t o  a i r  d ry  a t  room 
temperature f o r  86.4 x 10-l se t  
(24 h r )  

Place assembly i n  p l a s t i c  bag and 
i d e n t i f y  
Fabr icate a small sec t i on  o f  ma te r ia l  
along w i t h  f l a t  panel f o r  making p lug  
f i l l e r s  fo r  shipping w i t h  assemblies 
to f i l l  t o o l i n g  p lug  holes on i n s t a l -  
l a t i o n  

Grind o r  plane t o  core ma te r ia l  
th ickness 

Saw o u t e r  surface 0.019 m (0.75 i n . )  
dia x co re  th ickness f o r  t u rn ing  t o  
size on l a t h e  

Make setup on l a t h e  t o  g r i n d  ou ts ide  
diameter t o  drawing diameters or f i t  
of panel holes ( u s e  l i v e  cen te r  one 
end and sandpaper opposi t e  end t o  
hold i n  l a t h e )  

One p lug  requ i red  f o r  each hole on 
panel 

Spray sea le r  on plugs same as panel 
assembly 

Place plugs i n t o  p l a s t i c  bag, seal  
and i d e n t i f y  w i t h  type o f  p lug 
mater ia l  o r  type assembly 
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APPENDIX B 

FABRICATION METHOD FOR 
REFURBISHING ABLATIVE HEAT SHIELD, 

6 1 ~ 1 2 2 ~ 5 . 1  cm (2x4 f t  x 2 i n . )  
FLAT PANEL 
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ERRATA 

NASA Contractor  Report  112045 

INVESTIGATION OF LOW-COST ABLATIVE HEAT SHIELD 
FABRICATION FOR SPACE SHUTTLES 

By Hue1 H. Chandler 
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Page 2: I n  l i n e  4 of paragraph 3, change "hogh-elastic-modulus" t o  read 
"high-elast  ic-modulus" . 

Page 4:  I n  l i n e  1 of paragraph 1, change "Leaf Shie lds"  t o  read "Heat 
Sh i e  1 ds  'I. 

I 
Page 23: I n  l i n e  5 of t h e  l as t  paragraph, change "1.3-cm (0.5-in.) E-glass 

I f i b e r s "  t o  read  "0.65-cm (0.25-in.) E-glass f ibe r s " .  

! Page 40: I n  t h e  f i r s t  column, headed "Model data" ,  change t h e  d e s c r i p t i o n  
I 

of t h e  e i g h t h  composition f r o n  "1.3-cm g l a s s  f i b e r s ,  type E, pbw" 
t o  r ead  "0.65-cm (0.25-in.) g l a s s  f i b e r s ,  type E,  pbw". 

Page 41: I n  t h e  f i r s t  column, headed "Model datal ' ,  change t h e  d e s c r i p t i o n  
of t h e  e i g h t h  composition from "1.3-cm g l a s s  f i b e r s ,  type E ,  pbw" 
t o  read  "0.65-cm (0.25-in.) g l a s s  f i b e r s ,  type  E, pbw". 

I 

Page 58: Under "Cross-Sectional View", chahge General Comments from "very 
d i s t i n c t i v e  (1/2-in. th ick)"  to read  ' 'very d i s t i n c t i v e  [l. 3-cm 
(11 2 - i ~ .  > th tck ]  I' - 

Page 61: Under "Cross-Sectional View", change t h e  second l i n e  of t h e  General 
Comments from 'la very  low temperature (below 1500°F)" t o  read "a 
very low temperature  [below 1090°K (1500'F) 1". 

Page 94: I n  l i n e  2 of conclusion 7 ,  change "1.3-cm (0.5-in.) long f i b e r g l a s s  
f i b e r s "  t o  read "0.65-cm (0.25-in. ) long f i b e r g l a s s  f ibe r s " .  
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